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Abstract
The climate of interglacials within the Quaternary is of particular interest for palaeoclima-
tology due to its similarity to present-day conditions. This thesis evolves around a set of
simulations with the isotope-enabled version of the atmospheric general circulation model
ECHAM4wiso. Stable isotopes of oxygen and hydrogen, respectively, are transported in the
modelled hydrological cycle, altered by fractionation during phase changes. The simulations
represent time slices of the Eemian (124 ka BP) and a series of six mid- to late Holocene
time slices (6 to 1 ka BP), respectively. Boundary conditions include sea surface tempera-
tures from a coupled atmosphere-ocean general circulation model (ECHO-G) and insolation
anomalies according to changes in orbital parameters. The study focuses on the analysis of
the isotopic composition of precipitation. Anomalies of δ18OP are interpreted in terms of
anomalies of precipitation amount and air temperature, respectively. The simulation results
are compared to measured isotope values from various climate archives. The physical pro-
cesses that lead to the simulated isotopic composition of precipitation are shown for case
studies and from a global perspective.
A prominent feature of both Eemian and Holocene conditions is the insolation anomaly
during boreal summer months. Tropical and subtropical African climate is aﬀected signiﬁ-
cantly by increased zonal ﬂow that increases rainfall amount and decreases air temperature.
The spatial distribution of δ18O in the simulations indicates that changes in zonal moisture
transport rather than a meridional shift in the ITCZ alter the hydrological cycle and trigger
the observed northward extension of the rainfall area.
Knowledge about the annual distribution of rainfall is crucial for accurate analysis of
isotopic signatures from climate archives. This thesis shows orbitally induced changes of the
seasonality and associated δ18O values. The extent and type of the anomalies varies greatly
with location. Some tropical areas may experience a shift from a double to a single cycle,
while δ18O from extra-tropical regions are more aﬀected by temperature changes without
signiﬁcant changes in the timing of the main precipitation season.
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1 Introduction
The climate of the younger part of the Quaternary1 is characterised by frequent North-
ern Hemisphere glaciation, interrupted by warm periods. These interglacial stages are also
called interstadials due to their short duration and their transient character compared to
the glacial/stadial times. The most prominent Quaternary climate variation is the 100 ka
glacial-interglacial cycle that appeared in the records after the mid-pleistocene transition
from a 40 ka cycle at about 0.8 million years before present. The last 450 thousand years
(kiloyears=ka) have been characterised by a prominent series of four glacial-interglacial cy-
cles with a short (less than 10 ka) warm period and a longer (100 ka) gradual cooling and
a glacial period each of which ended with an abrupt warming (Augustin et al., 2004). The
peak of the warm period at the end of the penultimate cycle is called Eemian and dates
back to 124 ka before present (BP). The existence of a 100 ka cycle is often referred to as
the 100 ka paradox or the 100 ka problem, since the external (i.e. orbital) forcing is weak in
this frequency band, while the climatic response is strong (e.g. Paillard, 2001). This suggests
that the variations in insolation are rather a trigger instead of forcing (Claussen et al., 2007).
Nonlinear ampliﬁcation by internal components of the climate system, such as ice sheets or
the deep ocean circulation is necessary to explain the glacial-interglacial cycles.
Now it is generally agreed that the Eemian period was warmer than today (e.g. Felis
et al., 2004; Kaspar et al., 2005; Groeger et al., 2007). However, the signiﬁcance of a global
positive Eemian temperature anomaly is still controversial (e.g. Jansen et al., 2007). The end
of the last cycle ended about 20 ka BP with the Last Glacial Maximum (LGM). The currect
1Since 2009, the lower boundary of the Quaternary Period is deﬁned as coterminous with the Pleistocene
Epoch and the Gelasian Age at 2.58 million years before present, recognising the common usage of the
term Quaternary as a geochronological period containing the epochs Pleistocene and Holocene, respec-
tively (Gibbard et al., 2009).
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climate state that is inﬂuenced by human activity, belongs to an interglacial period, namely
the Holocene. Around 10 ka BP, the global mean temperature reached a value comparable to
present day and around 6 ka BP, during the so-called Holocene optimum, climate was even
warmer than during the pre-industrial period (e.g. Wanner et al., 2008). The most recent
part of climate history has been named Anthropocene to emphasise the human inﬂuence on
the environment and - eventually - climate itself. There is evidence that human inﬂuence on
climate started already thousands of years ago with the development of agriculture (Vavrus
et al., 2008). Kalis et al. (2003) divide the Holocene into three phases, in which the third
phase that started 6.3 ka BP is characterised by substantial changes in sediment structure
due to human farming activities, that altered the forest landscape. However, this early
impact is not comparable to the consequences of the industrial revolution in the middle of
the 19th century. Burning of fossil fuels and unprecedented change of land use resulted in
climate warming and sea level change.
Motivation
Changes in the seasonality of the rainfall amount are crucial to the aﬀected regions. During
the 1970s, the African summer monsoon did not reach as far north as in the previous years.
This had led to decimation of cattle and southward migration of parts of the local population,
which depend on the summer rainfall (Gasse, 2000).
For a better understanding of present and future climate, past analogs have been sought
(Loutre and Berger, 2003). The (geologically speaking) recent past of Earth’s history, namely
the last 800 kiloyears, is characterised by a series of climatic cycles with durations of about
100 ka. During one cycle, a short warm period is followed by a gradual cooling and a quick
increase of global temperatures up to the next warm period. Data from ice cores point at
the possiblity that each of the past interglacials was at least as warm as the present (e.g.
Jouzel, Masson-Delmotte, Cattani, Dreyfus, Falourd, and Hoﬀmann, Jouzel et al.).
The landmark paper by Hays et al. (1976) tests the theory of orbital forcing as basic cause
for these climate cycles. Neglecting human inﬂuence on global temperature development,
the authors have to conclude that climate will eventually arrive in another glacial state.
Broecker (1998) stated that even with declining Northern Hemisphere June insolation, there
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is no cooling or sea level retreat. He uses this as evidence for previous studies that predicted
a sudden cooling after the current interglacial. Berger (1992) concludes that climate would
arrive at an glacial state at about 60 ka AP (after present), neglecting human inﬂuence.
Ruddiman et al. (2004) test and conﬁrm the theory of an overdue ice age, derived mainly
from astronomical theory of palaeoclimate. This theory says that without anthropogenic
inﬂuence the next glaciation would have started several thousand years ago. Global mean
temperatures would be 2 K lower today, which is one third of the temperature diﬀerence
between an interglacial and a full glacial climate.
One motivation for the existence of palaeoclimatology - aside from the human urge for
research - is the possibility that we can draw conclusions about future climate from our
perception about the climate of the past. In particular, we try to analyse periods that were
similar to the present (or pre-industrial) climate. The similarity can be measured in terms
of air temperature and precipitation rate. Both quantities are a consequence of external
(orbital) forcing and internal (Earth system) forcing and feedbacks. The present and the last
interglacial (Holocene and Eemian, respectively) are good candidates for such a comparison.
Firstly, they are the most recent (0-10 ka BP and 124 ka BP, respectively) warm periods
and secondly, their climate corresponds in many aspects to the present. However, diﬀerences
in the orbital forcing leads to doubts about the suitability of the Eemian (Marine isotope
stage (MIS) 5e) as an analog for the present interglacial period (Loutre and Berger, 2003).
Even if recent previous time periods have been as warm and even warmer than the present,
it is questionable whether they can serve as analogs for the present warm (and warming)
time. One reason is the basic diﬀerence in the forcing type. Increased CO2 forcing is globally
uniform and constant in time, whereas Eemian and Holocene insolation anomalies have been
dependent on latitude and season of the year. Crowley (1990) questions the ability of both
the Eemian and Holocene periods to serve as past analogs to a future greenhouse climate
because seasonal forcing can explain many warming events and because there is a lack of
evidence that annual mean and globally synchronous warming was responsible for the signals
found in climate records. Figure 1.1 shows the annual distribution of the insolation anomaly
for all latitudes. The forcing pattern is similar in the Eemian and Holocoene, respectively.
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However, the amplitude of the Eemian signal is larger.
a) Eemian insolation anomaly b) mid-Holocene insolation anomaly
Figure 1.1: Temporal distribution of the insolation anomaly with a ﬁxed vernal equinox (21
March) in Wm−2 a) at 124 ka BP, and b) at 6 ka BP, compared to present-day.
Description of the chapters
The Eemian and the Holocene climates are the subject of this thesis. The contents of the
chapters emerged from the work on the general topic of modelling interglacial climates.
Chapter 2 In this chapter an overview of the diﬀerent aspects of the topic is presented.
The motivation for this study is to incorporate proxy data and climate modelling by
direct modelling of the measured quantity, i.e. the isotopic composition of precipita-
tion. Therefore, this introduction contains sections on climate archives and the use of
isotopes in them, climate modelling with a short view on the hierarchy of models, and
ﬁnally a section on the knowledge about the two interglacial periods examined in this
thesis.
Chapter 3 The tools for the analyses and the theoretical backround are described in this
chapter. Statistical methods as well as a short description of the isotope model itself
are presented. This also includes the theoretical background for the treatment of the
isotopic water cycle in the model. The setup for the simulations with their initial
conditions, boundary conditions, atmospheric forcing and orbital forcing is described.
Chapter 4 The ﬁrst of the three conceptual chapters contains a discussion on how climate
anomalies during the peak of the last interglacial inﬂuenced the isotopic composition
of precipitation in the case of tropical and (northern) subtropical Africa.
Introduction 5
Chapter 5 The ﬁndings from the numerical experiment described in chapter 4 led to a
more general discussion (spatially, since the scope is global) on how seasonality of cli-
mate variables and climate proxies may have an impact on the conserved signals in
climate archives. One focus is on the shift from a semi-annual seasonal cycle to an an-
nual cycle in tropical regions due to changes in the meridional path of the Intertropical
Convergence Zone (ITCZ).
Chapter 6 The results from a series of simulations with mid-Holocene to late Holocene
orbital forcing is presented in this chapter. The Holocene is characterised by a seasonal
and latitudinal insolation anomaly similar to the Eemian forcing. The temporal devel-
opment from mid-Holocene to pre-industrial climate reveals a non-linear transition of
the corresponding isotopic composition of meteoric water.
Chapter 7 A short summary of the most important ﬁndings is presented in this chapter
together with conclusions on how the next generation of water isotope simulation setups
should look like.
Chapter 4 is based on the manuscript ’Eemian tropical and subtropical African moisture
transport - an isotope modelling study’, published as Herold and Lohmann (2009) in Climate
Dynamics. The material presented in chapter 5 is based on the manuscript ’Eﬀects of
Eemian seasonality on δ18O from climate archives’, in preperation for Climate of the Past.
Chapter 6 contains results from the manuscript ’Isotope modelling of mid to late Holocene
climate’, in preperation. Some technical work done for this thesis resulted in contributions to
the manuscript ’Stable water isotopes in the ECHAM5 general circulation model: Towards
high-resolution isotope modelling on a global scale’, accepted for publication by Journal
of Geophysical Research, Atmospheres. Further results concerning the eﬀects of circulation
changes in the Oman region, in colaboration with Dominik Fleitmann, are in preparation.
2 Isotopes in climate research
For present climate state we are able to directly measure all involved quantities. From
measurements we can draw conclusions about physical, chemical and biological relationships
between the variables. Our understanding about the involved processes is far from complete,
but nevertheless we derive equations that describe and predict the observed phenomena.
One the other hand, the knowledge about the climate of the past relies on the use of
indirect methods. Palaeotemperatures and -precipitation have to be derived from materials
that had been exposed to the environment which in turn had an impact on this material.
Then it had to be conserved and locked from any further alteration. Finally, the material has
to be examined and the alterations have to be understood and interpreted as anomalies of
temperature or precipitation. Therefore, assumptions have to be made that are independent
of the type of the climate archive, the materials involved and the methods used to extract the
information from the archive. For example, we assume that correlations between measured
quantities and climate variables do not change in time. These measured quantities are called
proxies if they convey indirect information about past climates.
Past climates left their imprints in a large variety of archives. Depending on the type of
the archive, knowledge about the processes during the formation of the archive is useful and
often essential for the interpretation. Some of the most inﬂuential climate archives are:
• Ice cores. They reﬂect local amount of precipitation plus information of the palaeo-
atmosphere from trapped air bubbles that remain in the ice during the long tranfor-
mation process from snow to ice.
• Corals. They represent surface water isotopic content after modiﬁcations during shell
formation. Depending on the coral type, the temporal resolution can range from several
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years to months.
• Speleothems. They consist of the material carried by drip water from the soil above
the cave, in which the speleothem has grown.
• Tree rings. They convey information about the growth rate of the tree at annual
resolution. Climate variables can be inferred from the knowledge of today’s relationship
between growth rate and climatic conditions.
• Sediments. They consist of material that precipitated through the water column and
accumulated with or without chemical alterations, depending on the substance and
environmental conditions, such as oxygen availability. For example, organic material is
preserved under anoxic conditions at times of low mixing rates in the respective body
of water.
Evidence from climate archives
The oldest ice cores from Greenland reach back to the Eemian: (Clarke et al., 2005; Lhomme
et al., 2005; Jouzel et al., 2007). Tzedakis (2003) highlight the diﬀerent timing of the onset
of MIS 5e across Europe, depending on the type of proxy archive and sampling region,
respectively.
The Eemian interval of anoxic sediments in the eastern Mediterranean is named sapropel
S5. With an estimated length of 3-6 kyr it started at 124 ky BP (Cane et al., 2002). Stable
oxygen isotope records from eastern Mediterranean sediment cores that include the S5 pe-
riod, are discussed in Rohling et al. (2002). Alkenone SST records and planktic foraminifera
δ18O from shallow dwelling species showed decreased SST during sapropel events, caused
by intensiﬁed freshwater ﬂooding from African summer monsoons. This increased ﬂooding
is believed to happen during many Quaternary monsoon maxima, not only with the Nile
river as dominant source, but rather through fossil river systems, that now are buried by
shifting sands (Rohling et al., 2002). Rohling et al. (2002) make a clear distiction between
monsoon ﬂooding and ﬂooding caused by a northward shift in the Intertropical Convergence
Zone (ITCZ): During sapropel event S5, only the sediment core that was aﬀected by the
Isotopes in Climate Research 8
Nile catchment area did not show the enriched isotopic δ18O signature of its western coun-
terparts. This led to the assumption that summer monsoon activity was (and still is) the
determining signal in sediment cores that are inﬂuenced by drainage from the Nile catchment
area. Western Mediterranean sediments only record drainage from the wider North African
margin, and are able to reﬂect short-term changes in the northward propagation of the ITCZ
(Rohling et al., 2002).
Climate modelling
The present work examines the physical processes that lead to climate anomalies in the
present and the penultimate interglacial, respectively. The numerical study is carried out
with an Atmospheric General Circulation Model (AGCM) that containes a module for the
calculation of the heavy and stable isotopes of oxygen and hydrogen in Earth’s hydrological
cycle.
Global General Circulation Models (GCMs) are today the most powerful tool for the pre-
diction of future climate. The models’ parameterisations have been chosen to accurately
simulate present climate. It is assumed that they are also valid for climate scenarios that
diﬀer from the present-day state. Thus, the Intergovernmental Panel on Climate Change
(IPCC) compiled, and is compiling, GCM results of a number of standard scenario simula-
tions to estimate future climate change and the anthropogenic part of this change (Pachauri
and Reisinger, 2007). These scenarios include assumptions about the scale on which the
society will deal with the topic of climate warming. Major parameters in the scenarios are
energy production, the available amount of fossil fuels and consequently the amount of CO2
that is released to the atmosphere.
In a similar way, we use GCMs to look into the past. Palaeoclimatology relies heavily on
GCM results to combine and interpret data from various climate archives. Data from climate
archives are samples that represent local values. They are valid for the respective sampling
site and are the end products of the processes that ultimately lead to the measured quantity.
A network of measurements can provide a spatial picture from which the circumstances may
be derived, but even the richest source of measured data can only display the outcome of
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all the complexity of the Earth system. GCMs represent the most complex class climate
models, i.e. they have the largest number of degrees of freedom. In this context, the degrees
of freedom can be calculated as the number of grid points times the number of prognostic
variables.
Earth system Models of intermediate complexity (EMICs) are also a tool to investigate
major climatic mechanisms (Claussen et al., 2002). Despite their reduced level of detail, they
can be eﬃcient in capturing major modes of climate variability. The reduced complexity and
consequently the reduced computational demand allows the realisation of transient simula-
tions over long periods or ensemble simulations, where a GCM is limited by computation
time. With increasing capacities of modern computing centers, low-resolution GCMs are
now moving towards the EMIC part of the model spectrum.
Water isotopes
There are two stable isotopes of hydrogen (1H, protium, and 2H, deuterium) and three stable
isotopes of oxygen (16O, 17O, and 18O). Further, there are three out of nine isotopically dif-
ferent water isotopes1 that are available in measurable quantities: H162 O, H
18
2 O, and
1H2H16O
(Araguas-Araguas et al., 2000). Table 2.1 shows the relative quantities of the isotopes. 17O
appears equally in this table because H172 O is involved in the same physical processes as
H182 O. Only its abundance and fractionation rate is less useful for palaeoclimate research.
However, it is used for research topics involving very long time scales. The ratio of 17O/18O
in a given substance does change on geological time scales and can be used to distinguish
the origins of meteorites and materials on diﬀerent planets (e.g. Clayton, 2003).
Hydrogen Oxygen
1H 2H 16O 17O 18O
99.985 0.015 99.759 0.037 0.204
Table 2.1: Natural abundance in % of the total amount of the respective stable isotopes used
in climate research
1The term water isotope is often used in the scientiﬁc community. It is not correct, since water is obviously
not an element. In this study, this expression is used as an abbreviation for water molecule containing a
heavy stable isotope of oxygen or hydrogen.
3 Methods
Precise measurements of 18O, deuterium and tritium in meteoric water have already become
possible shortly after the end of World War II (Rozanski et al., 1993). Since then isotopic
composition of precipitation and ground water have been measured regularly by a growing
network of stations, maintained by the International Atomic Energy Agency (IAEA). Data
from the Global Network of Isotopes in Precipitation (GNIP) is collected in a database
and available online (IAEA, 2006). The use of water isotopes has increased along with the
knowledge about the processes involved in fractionation and the environmental parameters
that inﬂuence the degree of fractionation.
The number of measurements of the isotopic composition of atmospheric water vapour
is small compared to the number of measurements from precipitation. During the last
century, only a small number of vertical soundings for water isotopes were carried out in
Germany and in the USA (Taylor, 1972; Ehhalt, 1974). Worden et al. (2007) performed
measurements of the isotopic water vaper composition using a satellite-based Tropospheric
Emission Spectrometer (TES). They derived global maps of vertically averaged tropospheric
δD values. For the ﬁrst time, area-wide measurements of atmospheric δD are available.
The ratios of the heavy isotopic water H182 O/H
16
2 O and HDO/H
16
2 O usually are expressed
in parts per thousand deviation relative to the standard V-SMOW (Vienna standard mean
ocean water). The delta notations δ18O and δD are deﬁned as
δsample =
(
Rsample
Rstandard
− 1
)
∗ 1000 (3.1)
where Rsample is the measured isotope ratio and Rstandard is the V-SMOW value for the
respective isotope.
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The empirical relationships between the observed isotopic composition of meteoric water
and environmental parameters were summarized by Dansgaard (1964). Relations between
surface-air temperature, distance from the coast, height above sea level and amount of pre-
cipitation to the measured isotopic composition were termed ’eﬀects’ (temperature, conti-
nental, altitude and amount eﬀect, respectively). These eﬀects can be considered a measure
of rain-out of a given air mass on its way to the preipiation region. Dansgaard (1964) used
a Rayleigh model to explain the linear relationship between the isotopic composition of pre-
cipitation and the annual mean surface temperature. Under the simplifying assumption that
this air mass is isolated and constantly cooled, the Rayleigh approach describes the observed
gradient of 0.58 /◦C at higher latitudes, if the annual mean surface temperature <15◦C.
In the tropics, the annual temperature variation generally is low. On the other hand there
are large variations in the rainfall intensity. Therefore, the isotopic composition is mainly
inﬂuenced by the amount eﬀect. Increased precipitation leads to isotopically more depleted
rainfall and the δ18O/temperature relationship is not valid. However, the eﬀects mentioned
above do not occur isolated or separated from each other. Any change in the environment
in which water undergoes phase changes will have an eﬀect on the fractionation.
The Rayleigh model approach has been reﬁned to include kinetic fractionation during
evaporation and formation of ice, the simultaneous existence of vapour, liquid and ice in
clouds, and partial re-evaporation of precipitation from land surfaces (Hoﬀmann, 1995).
Mixing of air masses from diﬀerent origin cannot be described by Rayleigh models. The
implementation of isotope physics in general circulation models has therefore been the next
step in simulation of the global hydrological cycle.
The isotope signature of evaporating vapour depends on sea surface temperature, relative
humidity and the delta-value of atmospheric vapour (Hoﬀmann et al., 1998). The latter is
an independent quantity, allowing for example a degree of freedom in the interpretation of
the deuterium excess.
ECHAM4wiso
For over a decade, the isotope-enabled version of the atmospheric general circulation model
ECHAM has been successfully used to describe mean isotopic composition of precipitation
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in present-day (Hoﬀmann, 1995), and last glacial maximum (LGM) conditions (Hoﬀmann
and Heimann, 1997) as well as intra-annual changes (seasonality) in polar regions (Hoﬀmann
et al., 1998). Werner et al. (2000) conﬁrm a disagreement between paleotemperature derived
from ice core δ18O and bore hole thermometry (Jouzel, 1999). This diﬀerence can be ex-
plained by an incresed seasonality of greenland precipitation, leading to a lack of strongly
depleted winter snow fall that could contribute to the annual isotopic signal.
ECHAM was adapted for climate research by the Max Planck Institute for Meteorol-
ogy in Hamburg from the weather forecasting model of the European Centre for Medium-
Range Weather Forecasts (ECMWF). The fourth-generation member of the ECHAM family,
ECHAM4, is equipped with a module for the direct simulation of the stable isotopes 18O and
deuterium in all components of the atmospheric water cycle (Werner et al., 2001). For each
phase of the normal water (H162 O) an isotopic counterpart (H
18
2 O, HD
16O) is transported
independently (Hoﬀmann et al., 1998). The heavier isotopic water molecules H182 O and
2H1H16O (HDO) are stable and have no sources or sinks on time scales that are considered
in this study. Therefore, they can be used as tracers in the hydrological cycle. H182 O and
HDO are aﬀected by fractionation processes due to their molecular weight and (in the case
of HDO) asymmetry. Isotopic composition is calculated in permil with respect to V-SMOW
as shown by Craig (1961). Both equilibrium fractionation and kinetic fractionation eﬀects
are taken into account. Figure 3.1 illustrates the components of the hydrological cycle that
have an eﬀect on the isotopic composition of the modelled water.
The water isotopes are transported in parallel to atmospheric water1. The advection and
diﬀusion routines therefore ensure constant ratios of H182 O/H
16
2 O and HDO/H
16
2 O, respec-
tively. The isotopic composition is then expressed in terms of V-SMOW. For 18O we use the
formula
δ18O = [(18O/16O)sample/(
18O/16O)V SMOW − 1]. (3.2)
δD is calculated correspondingly for HD16O. The ﬁrst fractionation process occurs during
1However, the heavy isotopic water does not contribute to the regular water budget
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Figure 3.1: Schematic representation of the global hydrological cycle and the frac-
tionation processes built into the ECHAM model, after Hoﬀmann et al.
(2000).
evaporation at the ocean surface. The evaporative ﬂux of isotopes is calculated using
Ex = ρCv|vh|(1− k)(xvap − xsat) (3.3)
where ρ is the density of air, Cv the drag coeﬃcient depending on the stability of the atmo-
spheric boundary layer, |vh| the horizontal wind speed, xvap the water isotope mixing ratio
in the ﬁrst model layer, and xsat = α(Tsurf )
−1βRocqsat, with α the temperature-dependent
equilibrium fractionation factor, β an enrichment factor for the oceanic surface due to evap-
oration, Roc the oceanic mass relation corresponding to RSMOW , and qsat is the saturation
mixing ratio. Non-equilibrium eﬀects (kinetic diﬀusion from the thin sub-layer above the
ocean surface to the atmosphere) are taken into account with the factor 1− k (see Merlivat
and Jouzel, 1979). Dividing Ex by the evaporative ﬂux of H
16
2 O E = ρCv|vh|(qvap − qsat)
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results in the isotopic composition of the evaporative ﬂux
δEx + 1 = (1− k)/(1− h)[α(Tsurf )−1(δxoc + 1)− (δxvap + 1)h] (3.4)
with δxoc = β(Roc/RSMOW ) − 1, the relative humidity h, and the atmospheric delta-value
δxvap.
Condensation to liquid or ice phase is treated as an equilibrium process (Rl,i = αRvap).
A kinetic process becomes important at low temperatures, namely the diﬀusion of isotopes
through the oversaturated zone around forming ice crystals. This is considered in the model
with an eﬀective fractionation coeﬃcient
αeff = αeqαkin (3.5)
with αkin = S/(αeqRD(S − 1) + 1). RD is the ratio of the diﬀusivities of H162 O and the
isotopic water, and S = 1 + 0.003T (T in ◦C) the oversaturation function (see Hoﬀmann
et al., 1998).
Re-evaporation of raindrops in the undersaturated air below cloud base occurs in an equi-
librium and non-equilibrium process: The kinetic fractionation is formulated similar to equa-
tion (2), using undersaturation described by heff , the mean relative humidity of the air below
cloud base in the grid box. The fraction of droplets that reach isotopic equilibrium depends
on the droplet size. Since there is no droplet size spectrum in ECHAM, we assume that 45%
of convective precipitation and 95% of large-scale precipitation equilibrate.
The isotope module has been described in Herold and Lohmann (2009). The heavy iso-
topic water exactly follows the hydrological routines in ECHAM, except where fractionation
during phase changes is altering the ratios H182 O/H
16
2 O in the vapour, liquid and solid phase,
respectively. The fractionation coeﬃcients α for 18O are
lnαl = 1137/T
2 − 0.4156/T + 0.00206, and (3.6)
lnαi = 11.839/T − 0.28224, (3.7)
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where αl and αi are the fractionation factors for transitions from liquid to vapour phase and
from solid to vapour phase, respectively. This modelling approach allows to examine climate
variables, such as P and T independently from the isotopic water composition. The results
presented here are therefore physically consistent and do not rely on any further concepts
or models.
Simulation setup
The spatial resolution of the simulations in the present study is T42 (2.8 degrees horizontal
spacing) with 19 vertical levels and the highest pressure level at 10 hPa. Simulations rep-
resenting several periods between pre-industrial climate and Eemian climate (124 ka BP),
respectively, have been carried out. In the following, experiment names represent the respec-
tive period (e.g. PIND = pre-industrial, EEMI = 124 ka BP, HOLX for Holocene simulation
at X ka BP). The integration time is 70 model years, with the ﬁrst 20 years neglected and
50 years used for averaging the results. This is found to be suﬃcient to ensure statistical
signiﬁcance of the modelled ﬁelds. As an example, Figure 3.2 shows the time series of the
annual mean near-surface air temperature averaged over the Caribbean, one of the regions
used for analysis in chapter 6. Obviously, the model setup allows interannual variation of
climate variables. However, there is no signiﬁcant trend during this part of the simulation.
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Figure 3.2: Time series of annual mean 2m-temeprature for the simulations PIND, HOL6
and EEMI, respectively. Averaging region is the Caribbean (85-65◦W, 15-25◦N)
Forcing
Earth’s climate is constantly undergoing changes due to temporal changes in the orbital
parameters eccentricity e, precession e sin ω˜ and obliquity .
Eccentricity descibes the deviation of Earth’s orbit from a circular shape (in this case,
eccentricity equals zero).
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The precession of Earth’s axis results in a variation of the distance between Earth and
Sun at a given season. The precession parameter is e sin ω˜ with ω˜ measured from the vernal
equinox. Currently, ω˜ is 102◦ which means that the boreal winter solistice occurs close to
perhelion. Therefore, the northern hemisphere receives more than average energy in winter
and less in summer.
Obliquity is the tilt of Earth’s rotational axis relative to a perpendicular drawn to the
plane of the ecliptic. It varies with an average period of 41 ka. Currently, Earth’s tilt is
23.44◦. This value lies in the middle of a 2.4◦ range between 22.1◦ and 24.5◦. At times of
high -values the summer insolation is inceased and the winter insolation is decreased in both
hemispheres. Therfore, the seasonality of incoming solar radiation is increased everywhere
(e.g. Berger et al., 2007).
The eccentricity e is the only orbital parameter that changes the total average annual
amount of incoming solar radiation. The other parameters modify the seasonal and hemi-
spheric distribution of incoming solar radiation.
Berger (1978) provided expressions for e sin ω˜, e and  in a form suitable for the astronom-
ical theory of palaeoclimates:
e sin ω˜ =
∑
i
Pi sin(αit+ ηi) (3.8)
 = ∗ +
∑
i
Ai cos(γit+ ζi) (3.9)
e = e∗ +
∑
i
Ei cos(λit+ Φi) (3.10)
Table 3.1 shows the names of the simulations used in this thesis and the respective orbital
forcing.
In the Eemian, boreal summer tropical and northern subtropical insolation is increased,
while tropical winter solar radiation is weaker compared to pre-industrial time. The insola-
tion anomalies lead to increased NH seasonality while the Southern Hemisphere seasonality
decreased in the Eemian (Felis et al., 2004; Lorenz et al., 2006). Climatologies of monthly
sea surface temperatures (SST) as bottom-boundary conditions have been taken from pre-
vious simulations with the coupled ocean-atmosphere model setup ECHO-G (Lorenz and
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time slice name orbital parameter
obliquity eccentricity true lon. day of perh.
from v.e.
pre-ind. PIND 23.446 0.0167 4.955 004.910
1 ka BP HOL1 23.575 0.0171 4.626 347.531
2 ka BP HOL2 23.700 0.0174 4.330 330.448
3 ka BP HOL3 23.819 0.0178 4.035 313.275
4 ka BP HOL4 23.928 0.0181 3.741 296.030
5 ka BP HOL5 24.024 0.0184 3.449 278.741
6 ka BP HOL6 24.105 0.0187 3.157 261.900
EEM,
124 ka BP EEMV EG, 23.648 0.0403 2.501 220.965
EEMGIS
Table 3.1: List of simulations and respective orbital parameters.
Lohmann, 2004; Lohmann and Lorenz, 2007), the atmospheric part of which is ECHAM4,
and the ocean is modelled with the ocean GCM HOPE (Legutke and Voss, 1999). Figure
3.3 shows the SST anomalies for the Holocene simulations. Here, the averaged boreal sum-
mer anomalies (JJA) are displayed. For the Holocene simulations of this study, the results
from the ECHO-G simulations with an acceleration factor of 10 are used. For each time
slice experiment 20 model years from the ECHO-G setup are averaged to represent the SST
ﬁeld. Since the ECHO-G simulations have a spatial resolution of T30 (3.8◦ x 3.8◦), the SST
ﬁelds are interpolated to the T42 resolution. A smoothing algorithm has been applied to
sea grid points that are adjacent to land grid points to avoid unrealisticly large diﬀerences
between neighbouring grid points. Kaspar et al. (2005) showed a model-data comparison for
European Eemian temperature anomalies. The simulated temperature patterns match well
with reconstructed temperature anomalies derived from pollen and plant macrofossils.
The isotope initial data have been set up in an ECHAM4 run, in which the atmosphere
is started with a δ18O value of -80 and reaches an equilibrium state, which is used for the
following case studies.
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SST, HOL6 - PIND SST, HOL5 - PIND
SST, HOL4 - PIND SST, HOL3 - PIND
SST, HOL2 - PIND SST, HOL1 - PIND
Figure 3.3: Anomalies of the JJA sea surface temperature in K for a) 6 ka BP, b) 5 ka BP,
c) 4 ka BP, d) 3 ka BP, e) 2 ka BP, f) 1 ka BP.
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Greenhouse gases and vegetation are kept at pre-industrial levels. To take into account the
Eemian climatic anomalies, we performed two sensitivity studies to test the robustness of the
phenomena we found in the EEM simulation. One simulation includes extended vegetated
Sahara areas. The surface vegetation parameters on the African continent are increased by
a factor of Xmean/X at the grid points between 10
◦N and 25◦N, where Xmean is the mean
parameter of the grid points between 10◦W and 40◦E at the latitude 10◦N. This method
maintains the spacial vegetation structure. In the second sensitivity simulation, the height
of the Greenland Ice Sheet (GIS) is reduced by a factor of 0.5. In the following, these two
sensitivity studies are named EEMVEG and EEMGIS, respectively.
Statistics
Due to the global scope of this study, we refrain from deﬁning seasonality as the diﬀerence
between summer and winter values. Instead, seasonality is deﬁned as the absolute diﬀerence
between maximum and minimum multi-year monthly mean value. Thus, the hemispheres
can be compared directly. In the tropics, the JJA - DJF deﬁnition is not useful, since summer
and winter months can show the same amount of rainfall while there are large diﬀerences
between spring and summer or autumn and winter. Areas that are crossed by the ITCZ
twice a year experience two seasons only. Furthermore, we want to demonstrate that diﬀer-
ences in the annual migration of the ITCZ can cause signiﬁcant changes in climate and proxy
variables. Using this deﬁnition of seasonality, we are able to include tropical regions in the
analysis. The resulting seasonality maps do not show which months are responsible for the
seasonality and whether the maximum (minimum) is the only local extremum in the annual
cycle. Therefore, the number of annual cycles is estimated by analyzing the local maxima
and their neighbouring points. Shifts from semi-annual cycles in the EEM simulation to
annual cycles in the pre-industrial simulation can be detected, and the aﬀected areas are
marked accordingly (see Chapter 5).
The dependence of the isotopic composition on temperature and amount of precipitation
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is expressed in correlation coeﬃcients r, deﬁned as
r =
E((X −X)(Y − Y ))
σXσY
(3.11)
with the temporal mean (expected value) E, X, and Y as the local temporal mean, and
σX , and σY as the local temporal standard deviation of the correlated variables.
For the analyses in chapters 5 and 6, respectively, averaging areas have been deﬁned.
Annual cycles and annual mean values with respect to these areas are always arithmetic
averages. Table 3.2 shows the names of the areas and their respective boundaries.
area name lon range lat range
Carribean 85◦W - 65◦W 15◦N - 25◦N
NE Continental 110◦E - 140◦E 50◦N - 70◦N
Oman 50◦E - 60◦E 15◦N - 25◦N
Central Europe 0◦E - 15◦E 44◦N - 55◦N
N Atlantic 40◦W - 20◦W 40◦N - 55◦N
N Paciﬁc 160◦W - 130◦W 40◦N - 55◦N
Eq. Paciﬁc 160◦W - 130◦W 10◦S - 10◦N
Table 3.2: List of regions used for spatial analysis in chapters 5 and 6, respectively.
The temporal resolution of signals in climate archives depends on the rate at which the
archive is built up. However, one has to consider that accumulation, sedimentation, or
deposition is not constant in time. Precipitation has large intra-annual variations. Therefore,
we display δ18O in amount-weighted means (where mentioned). One is the annual amount-
weighted mean
δannual =
∑12
i=1 δi × Pi∑12
j=1 Pj
(3.12)
with δi and Pi the monthly δ
18O and P, respectively. In a similar way, we also calculate the
seasonal amount-weighted mean
δseas =
∑
i∈{seas} δi × Pi∑
j∈{seas} Pj
(3.13)
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with seas being DJF and JJA, respectively. The weighting method has an eﬀect on the
deuterium excess d and the factor a in the local meteoric water line (LMWL)
δD = aδ18O + d . (3.14)
4 Eemian African hydrological cycle
4.1 Introduction
Changes in the African hydrological cycle, in particular the rain belt position and intensity,
are crucial for the local population, since the northern boundary of the rain belt position
determines the northernmost edge of the inhabitable area. Studying the evolution of the rain
belt and the associated physical processes in the past may allow us to better understand
climate projections for this region. The Eemian (Marine Isotope Stage 5e) is in this respect
a valuable period, since climatic conditions were similar to the present day. The number of
terrestrial proxy archives of Eemian climate is small compared to the amount of data available
from the Holocene. However, climate archives point at the following: During the Eemian,
the annual mean global temperatures were not signiﬁcantly higher than today (Jansen et al.,
2007). However, there were large regional as well as seasonal anomalies (e.g. Jouzel et al.,
1987; Lohmann and Lorenz, 2007). During Northern Hemisphere (NH) summers the rain
belt advanced northwards, increasing the area on the African continent that was inﬂuenced
by the summer monsoon.
Previous studies examine the eﬀects of this meridional shift of the ITCZ and associated sea-
sonal rainfall variations. Prell and Kutzbach (1987) already found evidence from modelling
experiments that changes in the African circulation pattern occured during Eemian boreal
summers. It is generally accepted that the rain belt itself has never reached North Africa
(Tzedakis, 2007). The inﬂuence only reached the Mediterranean via river discharge from
the Nile. East Mediterranean sapropels are used as recorder of terrestrial African climate
archives (Rossignol-Strick, 1983; Rohling et al., 2002). These layers of anoxic organic-rich
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material in sediments are the result of heavy discharge of the Nile river during times of
maximum summer monsoon index (Rossignol-Strick, 1983; van der Meer et al., 2007). The
impact of the rain belt (or ITCZ) on sapropel formation during the summer months de-
pends on how far the precipitation area advanced northward. This has been analysed by
comparing diﬀerences between East Mediterranean sediment cores that were inﬂuenced by
the vast Nile river catchment area and those only recording information from the region
directly adjacent to the Mediterranean (Rohling et al., 2002). Similar eﬀects are observed
for the Indian monsoon in the Eemian (Fleitmann et al., 2003) and in the mid-Holocene
period (Fleitmann et al., 2007). In these studies, speleothems from the sensitive region of
southern Oman recorded meridional shifts of the convergence zone and associated changes
in precipitation source and amount.
The purpose of this study is to explain the substantial changes in the African tropical and
subtropical hydrological cycle, which are evident from observed Mediterranean sediments and
speleothems from regions that are sensitive to changes in the tropical rain belt. An orbitally
forced climatic anomaly is analysed that may have similar eﬀects as observed in the sapropel
sections of Eemian Mediterranean sediments. This poses the question whether there exists
a mechanism that explains the direct and indirect eﬀects of the orbital insolation forcing.
Most importantly, this chapter will show that the modelled isotopic composition of rainfall
is in accordance with observed evidence from Mediterranean sediments and stalagmites from
Southern Oman.
Modelling of interglacial climates became more realistic with the use of coupled ocean at-
mosphere general circulation models (OAGCMs). These studies indicate increased amounts
of boreal summer precipitation in northern subtropical Africa in climatic conditions with in-
creased NH insolation and increased insolation seasonality (Montoya et al., 2000; Felis et al.,
2004; Schurgers et al., 2007). Under these orbital forcing anomalies, the temperature diﬀer-
ence between the North Atlantic and the African continent increases, moisture transport and
precipitation towards subtropical North Africa is enhanced (e.g., Kutzbach and Liu, 1997).
Therefore, North African vegetation diﬀered from the present-day distribution. The Eemian
and mid-Holocene climates allowed plant growth in areas which today are part of the Sahara
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desert. The inﬂuence of a diﬀerent interglacial vegetation on the large-scale circulation has
been widely discussed (e.g., Kutzbach and Liu, 1997; Doherty et al., 2000; Braconnot et al.,
2007). The Eemian is also characterised by a reduction of the Greenland Ice Sheet (GIS).
During the Eemian, a reduction of the GIS may have contributed to sea-level rise of up to 3
meters (Otto-Bliesner et al., 2006), which is 50% of the sea-level rise after total melting of
the ice sheet. Lhomme et al. (2005) estimate the Greenland contribution to sea-level rise to
be 3.5 - 4 metres.
For the present study, the results of a coupled ocean-atmosphere-sea-ice general circulation
model are used. The module for the direct simulation of heavy isotopic water in the hydro-
logical cycle allows analysis of the eﬀect of Eemian orbital forcing on the isotopic rainfall
composition on the African continent. The stable isotopes 18O and deuterium (D) record
changes in the hydrological cycle. At higher latitudes, anomalies in the isotopic composition
of precipitation mainly reﬂect changes in the surface temperature at the precipitation site.
In the tropics, changes in the amount of precipitation are responsible for its isotopic compo-
sition (e.g. Jouzel et al., 2000). Additionally, nonlocal eﬀects, such as global ice volume or
temperature at the moisture source have an impact on isotopic records of any given site. The
relationships between δ18O and temperature or precipitation amount vary with forcing as a
consequence of changes in seasonality and transport pathways (Schmidt et al., 2007). Felis
et al. (2004) already examined that temperatures are not only directly linked to changes in
external forcing, but also to the changes in the large-scale atmospheric circulation, which
responds to change in forcing. The coral data in Felis et al. (2004) indicate an enhanced
seasonality in the middle East and a tendency towards positive North Atlantic Oscillation
during the Eemian.
Indirect evidence for changes in the hydrological cycle can be found in the isotopic compo-
sition of Eastern Mediterranean sediments from sapropel S5 (Rohling et al., 2004). Depleted
δ18O values from this period indicate an increased African monsoon activity, recorded via
Nile river discharge into the Mediterranean. The spatial distribution of δ18O and δD in the
simulations indicates that changes in zonal moisture transport rather than a meridional shift
in the ITCZ alter the hydrological cycle and trigger the observed northward extension of the
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rainfall area.
Sections
In section 4.2 the relevant results concerning the thermodynamical anomalies in the hydro-
logical and the isotopic response of meteoric water are presented. In section 4.3 the ﬁndings
are discussed and a mechanism to explain the modelled anomalies is presented. Conclusions
and a brief overview over the limitations of this study and possible future work are given in
section 4.4.
4.2 Results
4.2.1 Climate variables
Figures 4.1a,b show the diﬀerences of air temperature and horizontal wind vectors between
EEM and PIND. In the following we will use the term anomaly as deviation of the EEM
simulation results from the PIND simulation. The 850 hPa level (Fig. 4.1a) lies in the lower
troposphere and is partly inﬂuenced by surface features. Below 850 hPa, the ﬂow and its
anomalies are inﬂuenced by the topography, such as the Ethiopian Highlands south of the
Red Sea.
A belt of lower air temperature stretches from the African continent between 10◦N to
20◦N over the southern Red Sea and the Arabian Sea towards northern India. The air
temperature is reduced by 3 K in the Eemian relative to pre-industrial climate. North of
this belt, there is widespread warming over northern Africa, Europe, Arabia and Central
Asia with the highest anomalies at 4 K. The air temperature directly south of the belt is
almost unchanged. Later it will be shown that this cooling is related to enhanced cloud
cover and increased evaporative cooling.
In the upper troposphere (Fig. 4.1b), the warming extends southward over the entire
African continent. The cool belt is therefore limited to the lower and middle troposphere.
The tropopause and stratosphere were colder in EEM as compared to PIND (not shown),
due to tropospheric warming in the last interglacial.
The diﬀerence between EEM and PIND is characterised by a pressure anomaly, with a
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Figure 4.1: Anomalies (EEM minus PIND) of modelled air temperature in K (colours) and
horizontal wind in m/s (arrows), of a) 850 hPa, and b) 300 hPa level. Reference
arrows in m/s are shown in the lower right corner of the panels. Only wind
arrows with anomalies in at least one component above 90% signiﬁcance level
are shown.
lower-tropospheric low pressure anomaly in areas where the warming aﬀects the whole tropo-
sphere. Figure 4.2a shows the anomaly of the geopotential height. A pronounced feature is
the meridional gradient in the pressure anomaly at the location of the low temperature belt
(see Fig. 4.1a). The larger pressure gradient causes a stronger eastward zonal ﬂow according
to geostrophy dynamics. In contrast to the mid-latitudinal thermal wind relation, we observe
in the latitudinal band between 10◦N to 20◦N that the largest wind anomalies do not occur
at the largest temperature gradients. Instead, the pressure distribution rather suggests that
the belt of cool air is a consequence of the larger diﬀerence in surface temperature between
Sahara/Sahel and tropical Africa.
In the upper troposphere (Fig. 4.2b) the pressure anomaly is reversed, since the large-
scale warming in EEM extends throughout the troposphere with higher geopotential height
of the corresponding pressure levels (i.e., higher pressure at a given height). Consequently,
the wind anomaly is also reversed, and the westward zonal ﬂow is stronger in the Eemian
than in the pre-industrial simulation. At this height, the pressure anomaly resembles the
temperature anomaly (Fig. 4.1b).
The EEM simulation shows increased precipitation amounts on the African continent
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Figure 4.2: Anomalies (EEM minus PIND) of modelled horizontal wind in m/s (arrows), and
geopotential height in m (colours) of a) 850 hPa, and b) 300 hPa level. Reference
arrows in m/s are shown in the lower right corner of the panels.
between 10◦and 20◦N, in the whole Red Sea region, northern Arabian Sea, and northern
India (Fig. 4.3a,b). Absolute values of the ﬂow pattern (not shown) reveal that not only
the strength of the zonal ﬂow changed between EEM and PIND, but also the direction. In
PIND, the ﬂow reveals hardly any zonal component, whereas in the Eemian the zonal wind
component is present throughout the continent between 10◦and 20◦N.
There is also a diﬀerence in meridional extent of the main low-level convergence zone of
only 2 degrees in Central Africa. Figure 4.4 shows the seasonally averaged vertical veloc-
ity over Africa. The mid-tropospheric convection zone (500 hPa, Fig. 4.4a) is displaced
northward in EEM compared to PIND. The maximum updraft area is narrower, and the
maximum value of the mean vertical velocity is about 10% larger, reﬂecting a more intense
convective activity due to the converging zonal ﬂow in the EEM simulation. The anomalies
in convection intensity extend throughout the troposphere. At 300 hPa (Fig. 4.4b) the rela-
tive anomaly even increases while absolute diﬀerences between EEM and PIND are declining
at this height.
Figure 4.5a shows the decrease of surface solar radiation along with an increase of total
cloud cover in the region. There is no uniform response of evaporation rates during the
Eemian (Fig. 4.5b). Two regimes of evaporation anomalies can be identiﬁed. The northern
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Figure 4.3: Boreal summer (JJA) anomalies (EEM minus PIND) of a) precipitation (in
mm/month) and b) speciﬁc humidity (in g/kg at 850 hPa level). Dashed ar-
eas indicate signiﬁcant anomalies at 90% level.
part of the rain belt shows increased evaporation rates of up to 50 mm/month over the Red
Sea region, whereas the southern part of the rain belt shows negative evaporation anomalies.
Figures 4.6a,b show a north-south cross-section of tropospheric anomalies at 10◦E up to
a pressure level of 300 hPa. The main zonal transport of moisture (Fig. 4.6a) is located
between 10◦N and 20◦N, and below the 500 hPa level, indicated by positive anomalies in
zonal wind and speciﬁc humidity. South of about 5◦N, there is even a negative moisture
anomaly, which corresponds to red shades (less rain and less speciﬁc water content) in Figure
4.3b. Fig. 4.6b shows the corresponding temperature anomalies and the anomalies of the
geopotential height of the pressure levels. North of about 20◦N the vertical gradient of the
pressure anomaly leads to the modelled wind anomalies (see Figs. 4.1 and 4.2, respectively).
The cool belt between 10◦N and 20◦N is limited to the lower troposphere below 800 hPa.
4.2.2 Isotopes
The diﬀerences between EEM and PIND in the wind and precipitation patterns are also re-
ﬂected in the isotopic composition of modelled atmospheric water. Figure 4.7 shows anoma-
lies in the isotopic signature of the total precipitation. The magnitude of the deuterium
signal is larger than the 18O-signal. However, the panels of both simulated isotopes corre-
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Figure 4.4: EEM (colours) and PIND (contours) boreal summer (JJA) mean vertical velocity
component at a) 500 and b) 300 hPa level, respectively. Units are Pa/s. Negative
values indicate mean updraft areas.
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Figure 4.5: Boreal summer (JJA) anomalies (EEM minus PIND) of a) shortwave surface ra-
diation in Wm−2 (colours) and total cloud cover fraction (contours), and b) evap-
oration rate in mm/month (colours) and shortwave surface radiation in Wm−2
(contours).
Figure 4.6: Meridional cross-section of boreal summer (JJA) anomalies of EEM minus PIND
at 10◦E of a) zonal wind component in m/s (colours) and speciﬁc humidity in
g/kg (contours), and b) air temperature in K (colors) and geopotential height in
gpm (contours). Red (blue) areas in Figure a indicate eastward (westward) ﬂow.
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spond qualitatively very well, as the same physical processes lead to the modelled isotopic
composition.
Figure 4.7: Boreal summer (JJA) anomalies (EEM minus PIND) of a) 18O and b) Deuterium
isotopic composition of precipitation. Units are  VSMOW. Dashed areas indi-
cate signiﬁcant anomalies above 90% level.
The diﬀerences between Eemian and present-day simulations are large in boreal summer
and are not pronounced during the winter months and are therefore not shown. For the
boreal summer, both deuterium and 18O show an increase on the West African continent,
and a decrease in the East African subtropics and the Red Sea region in the Eemian climate.
This corresponds to a reversal of the gradients of the absolute isotopic values (Fig. 4.8).
In the PIND simulation (Fig. 4.8a), western African precipitation is isotopically lighter
than eastern African precipitation. This corresponds to the measured present-day isotope
distribution as recorded in the GNIP climatology (Rozanski et al., 1993). In EEM (Fig.
4.8b), there is a much stronger gradient from slightly negative values in the west towards
strongly depleted rainfall in the east.
Figure 4.9 shows that the pronounced summer anomalies leave an imprint in the annually
averaged signal. Here, we show the precipitation signal (Fig. 4.9a) together with the resulting
isotopic composition of rainfall (Fig. 4.9b). Over Africa, about 50% of the summer signals
are retained in the annual average.
Eemian African Circulation 32
Figure 4.8: Boreal summer (JJA) 18O isotopic composition of a) PIND and b) EEM precip-
itation. Units are  VSMOW.
Figure 4.9: Anomalies (EEM minus PIND) of a) modelled annual mean precipitation in
mm/month, and b) corresponding annual mean δ18O of precipitation in 
VSMOW.
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4.2.3 Sensitivity on vegetation cover and GIS
Figures 4.10 and 4.11 show the eﬀect of the changes made in EEMVEG and EEMGIS, re-
spectively. The vegetation changes result in an enhanced zonal wind component and a
broadening of the cool belt, compared to EEM (Fig. 4.10a,b) with a positive precipitation
anomaly north of 10◦N and a negative anomaly south of 10◦N (Fig. 4.10b). The eﬀect of
the changed GIS is negligible on the African continent (Figs. 4.11a,b). The decreased GIS
produces a large temperature anomaly of up to 12 K over Greenland compared to PIND,
and 7 K compared to EEM (not shown). However, this anomaly does not reach subtropical
and tropical regions. Figures 4.12a,b show the wind and temperature anomalies of both
sensitivity simulations compared to the PIND simulation.
Figure 4.10: Boreal summer (JJA) anomalies (EEMVEG minus EEM) of a) modelled JJA air
temperature in K (colours) and horizontal wind in m/s (arrows, reference arrow
in the lower right corner) at 850 hPa level, and b) precipitation in mm/month.
4.3 Discussion
4.3.1 Climate variables
In the Eemian, the temporal and spatial distribution of incoming solar radiation was diﬀerent
from pre-industrial insolation distribution. Due to a maximum in precession and a minimum
in obliquity, the northern hemisphere insolation was increased during boreal summer months
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Figure 4.11: Boreal summer (JJA) anomalies (EEMGIS minus EEM) of a) modelled JJA air
temperature in K (colours) and horizontal wind in m/s (arrows, reference arrow
in the lower right corner) at 850 hPa level, and b) precipitation in mm/month.
Figure 4.12: Boreal summer (JJA) anomalies of modelled horizontal wind in m/s (arrows),
and air temperature at 850 hPa level (colours) of a) EEMVEG minus PIND, and
b) EEMGIS minus PIND. Reference arrows in m/s are shown in the lower right
corner of the panels
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(JJA) (Berger, 1978), while tropical insolation was decreased during boreal winter (DJF).
Therefore, NH seasonality was increased, while SH seasonality was decreased. Eemian NH
summer months (JJA) received more radiation than in the pre-industrial period, while in NH
winter there was almost no change. The modelled annual mean near-surface temperature
anomaly in this study is less than 0.5 K, which is consistent with the summarised modelling
estimates from IPCC AR4 (Jansen et al., 2007). In the following, we focus on boreal summer
(JJA) climate. The excess in NH summer insolation leads to an increased surface tempera-
ture on the entire subtropical African continent north of 20◦N. Tropical Africa between 10◦N
and 10◦S is not aﬀected by a temperature change. This is due to the fact that vegetation
and cloud cover prevent large temperature deviations. Additionally, the insolation anomaly
in the tropics is lower than at middle and high latitudes. The summarized eﬀect is a diﬀer-
ential heating with warming in the north and almost unchanged surface temperature in the
south. The corresponding air pressure distribution (low pressure anomaly in the north, no
diﬀerence in the south) allows for a pressure gradient zone between 10◦N and 20◦N. In this
belt, the increased insolation does not lead to surface warming.
Instead, the pressure distribution forces a zonal ﬂow, which is maintained over a long
range from the Atlantic to the Red Sea. This ﬂow carries moisture from the Atlantic over
the continent, making it available for convection. Consequently, increased cloud cover (10-
20% over most of the cool belt area) caused by enhanced moisture availability prevents
the excess shortwave radiation from reaching the surface. Mean surface radiation amounts
decrease by up to 50 Wm−2. Cooling is also caused by conversion of sensible heat into latent
heat. In the northern part of the cool belt, evaporation is enhanced. Around 10◦N, however,
evaporation is decreased in spite of increased precipitation. This opposed behaviour results
from higher precipitation and evaporation values in the PIND climate. Increased cloud cover
in EEM eﬀectively reduces evaporation, since in PIND tropical evaporation rates already are
very high. Increased precipitation in EEM therefore does not enhance evaporation rates in
the southern part of the cool belt.
The ITCZ can be described as the tropical region where due to lower tropospheric con-
vergence heat is transported from the surface to the upper troposphere by means of large
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cumulonimbus clouds (e.g. Holton, 1992). The description of the ITCZ as a line or belt
is therefore only valid in a time-averaged sense. Our simulations capture the mean eﬀect
due to the given spatial resolution of the GCM. Figure 4.4 shows the seasonally averaged
convective zone in EEM and PIND, respectively. The ITCZ position does only change over
West Africa. In central and eastern Africa, the meridional position is almost unchanged.
Only the strength of the convection is increased in EEM. Also, the area that is inﬂuenced
by increased vertical velocity extends further to the north.
The diﬀerence in the meridional position of the rain belt is of secondary importance com-
pared to the enhancement of the forced zonal moisture transport, which triggers the increased
summer precipitation over Central Africa, the southern Red Sea region, the Arabian Penin-
sula and Mesopotamia/Pakistan/Northern India. A marked meridional displacement of the
convergence zone is only visible in the Indian Ocean (Fig. 4.3), where the band of maximum
rainfall is shifted from 5◦S (EEM) to 5◦N (PIND). On the African continent, there is no
signiﬁcant latitudinal diﬀerence in the position of the rain belt. The ﬂow anomaly is not
directed from high pressure over the Atlantic ocean towards north African low pressure, but
mostly parallel to the north-south pressure gradient on the continent itself.
The features and anomalies discussed in the present paper also appear in the mid-Holocene
simulations of the PMIP2/MOTIF Data Archive (Braconnot et al., 2007, not shown). The
mid-Holocene might be comparable to the Eemian in terms of the annual distribution of
orbital forcing anomalies. Therefore, the results shown here appear to be a robust feature
in interglacial African climate.
4.3.2 Isotopes
The spatial anomaly of the isotopic rainfall composition, which has a dipole pattern (en-
richment in the west, depletion in the east) is a mixed signal of several eﬀects: The slight
increase of the delta-values over the West African region can be attributed to a shorter time
interval from the source (evaporation from the Atlantic) to the destination. This leads to
fewer precipitation events and therefore to less isotopic depletion of the water vapour, that
is advected over the continent.
Eemian African Circulation 37
Subsequent rain-out of the air masses due to enhanced transport of moisture from the
Atlantic leads to eastward isotopic depletion, as the air is advected further across the African
continent. Another cause for isotopic depletion is the so-called amount eﬀect, described
by Dansgaard (1964). However, the magnitude of depletion and the west-east gradient
suggest that rain-out of the advected air masses (continental eﬀect) is dominant. This is
also supported by the fact that the area of signiﬁcant change in convective precipitation (not
shown) is very small compared to the area of signiﬁcant large-scale precipitation anomaly.
Over the Arabian Peninsula, the negative temperature anomaly belt extends in north-
east direction towards the Himalayas. The warm temperature anomaly to the north-west
initiates a stronger north-eastern ﬂow in the same manner as on the African continent.
Here, the isotopic signature of precipitation also shows a depletion in EEM, which can be
partly attributed to the amount eﬀect (isotopic depletion due to increased rainfall within the
rainbelt), since the moisture source is not only the tropical Atlantic but to a large part the
nearby Gulf of Aden and the Arabian Sea, respectively. The extension of the modelled cool
belt is supported by depleted δD values and increased precipitation from Oman stalagmite
ﬂuid inclusions (Fleitmann et al., 2003). The course of the narrow area of a north-south
gradient in the geopotential height (see Fig. 4.2a) suggests that also the moisture from air
masses that reach the Arabian Peninsula are inﬂuenced by the continental eﬀect, and thus
carry this information further towards northern India.
To a lesser extent, this mechanism also applies to the Congo basin region. Here, the lower
troposphere warming occurs south of the resulting zonal ﬂow over the Central Plateau.
However, the spatial extent of the inﬂuenced region is not large enough to generate an
isotopic signal comparable to the NH counterpart. Increased zonal moisture transport leads
to enhanced precipitation in the Congo basin region, and thus to the modelled isotopic (δD,
δ18O) depletion of rainfall.
4.3.3 Sensitivity on vegetation and GIS
During the Eemian, large areas north of the present-day Sahel/Sahara boundary were covered
by vegetation, which resulted in a reduction of the surface albedo and an increased moisture
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transport over the African continent. We estimated the eﬀect of a changed vegetation distri-
bution with the EEMVEG simulation. Figure 4.10a shows the resulting wind and temperature
anomalies. The extended vegetated areas broaden the belt of the air temperature anomaly.
The precipitation anomaly shows that a large fraction of the transported water is precipi-
tating between 15◦N and 25◦N. A reduction of rainfall occurs south of the positive anomaly.
However, the structure does not change signiﬁcantly compared to the EEM simulation (Fig.
4.12a). Similar results are presented by Schurgers et al. (2007). They show that the West
African precipitation anomaly extends further northward than the East African anomaly,
whereas our results over Northeast Africa show that the precipitation anomaly covers large
parts of the Red Sea region. However, the structure of the anomalies does not depend on
the vegetation. The belt of lower air temperature between 10◦N and 20◦N appears in all
simulations shown by Schurgers et al. (2007). The eﬀects of dynamic vegetation therefore
appear to be of second order compared to the eﬀect of changes in orbital forcing.
The eﬀect of the decreased ice volume of the GIS on the African continent appears to
be very small (Fig. 4.11). In our sensitivity study, the largest anomaly between EEM and
EEMGIS is located over Greenland itself (not shown). The resulting near-surface changes
over Greenland match the modelled values shown by Otto-Bliesner et al. (2006). The air
temperature response extends over the Arctic and large parts of polar latitudes. However,
the inﬂuence on the tropics and in particular the African tropics is relatively small. The ﬂow
anomaly, which is discussed in the present paper, is not changed signiﬁcantly (see Fig. 4.11a).
The areas that are eﬀected by the Eemian anomalies of wind, temperature, precipitation and
cloud cover remain almost unchanged in position and extent.
4.3.4 Model-data comparison
The modelled isotopic compositions of precipitation resemble measured isotope values from
various sources. The isotopically depleted water masses that are advected towards the large
catchment area of the Nile river can be identiﬁed in Mediterranean sediment cores (Rohling
et al., 2004). In their study, (Rohling et al., 2004) show increased Eastern Mediterranean
alkenone-based SST (+4 K) and depleted δ18O values of planktic foraminiferal species (1-3
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) during deposition of sapropel S5.
Fleitmann et al. (2007) showed a change from wet to dry conditions in δ18O of speleothem
records from southern Oman during the Eemian. The observed shift of the isotopic compo-
sition of 2-3  matches our modelled anomaly in this region (3 ). Reichart et al. (1997)
show oxygen isotopic data from a sediment core from Murray Ridge north of the Arabian
Basin. Their data suggests increased summer precipitation during MIS 5e. Wang et al.
(2008) show composite time series of δ18O from the Sanbao cave (Central China) and Hulu
cave (East China). They compare very well with the Vostok ice core δ18O time series, and
the anomaly of 1-2  corresponds well to our ﬁndings (2 ). Schefuß et al. (2005) re-
ported depleted mid-Holocene δD (-150  around 6 ka B.P., compared to -135  VSMOW
at the top of the sediment core) in plant waxes from the Congo catchment region. They
attribute the mid-Holocene depletion to an increased amount of precipitation. However,
our simulation shows a slight enrichment in δ18O (0.5-1 ) and δD (5-10 ), respectively,
in the Congo basin region, which is consistent with enriched δ18O over West Africa. We
attribute this opposite trend to higher temperatures over the Congo basin, which result in a
depletion in spite of the increased amount of precipitation. The Dome C ice core deuterium
anomaly of about 20  (Augustin et al., 2004) is also observed in the EEM-PIND anomaly.
Andersen et al. (2004) and Suwa et al. (2006) report Greenland δ18O anomalies of 2-3 
which is more than our EEM-PIND anomaly, but less than our modiﬁed EEM simulation
that includes the reduction of the Greenland ice sheet during the Eemian. European proxy
data sources include Kattegat δ18O from shells (Burman and Passe, 2008) that translate to
summer SST which were 1-3 K higher in the Eemian than today. Our temperature anomaly
is around 1 K for this region.
4.4 Conclusions
We compare the simulated pre-industrial African climate with Eemian climate, a period
which is characterised by a boreal summer insolation maximum. The modelled climates
show considerable diﬀerences in wind, temperature, and precipitation amount. The direct
simulation of H182 O and HDO allows the interpretation of the isotopic rainfall composi-
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tion with respect to the climatic anomalies. The boreal summer season shows the largest
anomalies, due to the external insolation forcing. The mechanism that is responsible for the
modelled climatic anomalies and the isotopic precipitation response can be summarized as
follows:
• During the Eemian maximum NH summer insolation the excess insolation leads to a
warming of the NH subtropics. The meridional temperature gradient over NH Africa
increases, and the resulting pressure gradient drives a zonal ﬂow between 10◦N and
20◦N. The anomaly extends from about 40◦W to 80◦E. Additional cloud formation and
rainfall between 10◦N and 20◦N due to increased convection cause a pronounced cooling
in these latitudes. From our results we conclude that the climatic diﬀerences between
EEM and PIND are mainly caused by zonal moisture transport and thus aﬀect the
whole northern African continent. We also observe the meridional shift of the ITCZ
as reported by previous studies (e.g. Kutzbach et al., 1996), but this shift alone does
not explain the anomalies in the modelled climate variables and water isotopes.
• The isotopic composition of precipitation reacts strongly on the rainfall redistribution:
The west-east gradient of the isotopic rainfall composition reverses during periods of
increased NH summer insolation. This is observed in several archives of terrestrial
δ18O. Our study reveals that the large zonal isotopic gradient is possible due to the
forcing of the ﬂow anomaly which is directed perpendicular to the large-scale pressure
gradient. The forcing is persistent from the Atlantic to the Red Sea area, and therefore
we observe a continuous depletion over the whole width of the continent. In the Indian
monsoon vicinity, isotopic rainfall depletion occurs to a large part via the amount
eﬀect, since the source water is mixed with water masses that originate from sources
close to the precipitation sites.
In this study, a mechanism is presented that explains changes in African isotopic rainfall
composition during interglacial insolation maxima. The model indicates that the North
African anomalies are one of the largest signals on the globe. The zonal redistribution
of water vapor may represent an eigenmode of palaeoclimate and possibly future climate
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changes. For further testing of our modelling, the analysis of terrestrial proxy archives from
the East African continent (such as lake sediments) would be highly valuable.
5 Eemian Seasonality
5.1 Introduction
One of the main goals of paleoclimatology is answering the question whether the air tem-
perature during a given period and in a given region was diﬀerent from today. However,
this question can neither be answered without knowledge about the seasonal distribution
of temperature nor without knowledge about the seasonal distribution of the accumula-
tion/preservation rate of the archive that is to be analysed by the palaeoclimatologist.
Among the great variety of proxies for past climate variables there is only a small num-
ber of archives that preserve seasonal climate signals. Some of these (e.g. corals of the
genus porites, speleothems, and -for the recent past- ice cores) are able to record stable
oxygen or hydrogen isotope signals, containing direct information about the paleo-hydrology
on seasonal time scales. Furthermore, the isotopic composition of a climate archive can give
valuable information about past temperature, amount of precipitation or wind regime.
Local precipitation (amount, temperature and isotopic composition at the time of archive
formation) carries at least a part of the information of the archive’s isotopic signature.
However, variations in δ18O of precipitation cannot be attributed to a single origin, since the
signal is inﬂuenced by fractionation processes at the moisture source and at the precipitation
site. The rate of fractionation during phase changes is temperature dependent. Therefore,
the usage of δ18O as paleothermometer is possible under the assumption of constant temper-
ature at the moisture source and unchanged moisture path. The interpretation of isotopes
in precipiation is also complicated by year-to-year changes in the seasonal distribution of
the rainfall (Vachon et al., 2007). A signiﬁcant shift of the main rain period within the year
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can alter the resulting isotopic composition due to a corresponding change of the precipi-
tate temperature. The amount of precipitation is positively correlated with depletion of the
precipitate. This eﬀect is most prominent in convective rainfall during which the convection
strength determines the re-evaporation rate of cloud droplets (Worden et al., 2007). Recy-
cling of already depleted moisture in the convection process increases further depletion of
the rain. Therefore, changes in tropical δ18O can be interpreted as changes in the amount of
precipitation if the circulation pattern has not changed signiﬁcantly. In this context, Herold
and Lohmann (2009) showed that in the case of the Eemian African summer monsoon not
only the meridional shift of the tropical rain belt aﬀects the isotopic rainfall composition.
The continental eﬀect (zonal moisture transport across the African continent) adds to the
amount eﬀect, due to a zonal transport anomaly. In the middle and high latitudes, outside of
regions inﬂuenced by monsoons, anomalies in δ18O are associated with temperature changes
at the precipitation site. It is commonly assumed that temperatures at the moisture source
(the tropical oceans) do not change signiﬁcantly. Therefore, the continental eﬀect is the dom-
inant modiﬁcator of the local isotopic composition of precipitation. In extratropical regions
moisture is advected poleward as well as eastward (zonally) by means of pressure systems
induced by baroclinic instabilities, the most eﬃcient heat transport mechanism. Compared
to the monsoon systems and convection within the ITCZ, convective activity is moderate
and the air mass is advected over large distances. Only a fraction of the precipitation is
re-evaporated during a precipitation event and advected further.
In this chapter, we focus on changes in the hydrological cycle in terms of seasonality
changes. The dependence of isotopic seasonality on temperature and amount of precipitation
is highlighted. Of particular interest is the shift from semi-annual to annual cycle in tropical
regions. This shift is related to the meridional position of the ITCZ, which in turn is a
result of the orbital forcing. Previous studies showed that direct solar forcing or indirect
forcing via SST changes (e.g. Biasutti et al., 2003) are able to alter the seasonal cycle of
precipitation or temperature in any given region. Here, we also include an indirect forcing
of land temperature changes that are able to change seasonality by changing the surface
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pressure distribution and the associated circulation. Peterson and Haug (2006) showed
that within the area of the Cariaco Basin the present-day annual precipitation cycle varies
between the WMO stations in this narrow region, highlighting the sensitivity on the ITCZ
migration. Global maps of the climate sensitivity of isotopic water composition provide a
guidance for the physical mechanisms that are involved in the formation of proxy archives.
Here, we separate our analysis into two fundamentally diﬀerent regimes:
Convection regimes: In this category we included the areas that are situated within the
annual migration of the ITCZ. We also added regions that are inﬂuenced by monsoonal
periods, because of their convective character and the associated eﬀects on the isotopic
composition of the water cycle. The term monsoon has been originally used during the
time of the British Empire for the Asian monsoon. It describes a wind system with an
annual cycle, driven by land-sea temperature diﬀerences. The Asian summer monsoon
carries moist air from the Arabian sea towards India, resulting in heavy precipitation,
while the winter monsoon system drives cold and dry air masses from the continent
towards the sea. Similarly, the African monsoon also has an annual cycle. In summer,
moist Atlantic air masses are driven towards the relatively warm continent, and deliver
precipitation up to the Sahara/Sahel region.
These variations are believed to be caused by changes in the monsoonal activity and
the position of the ITCZ. Both are merely a description of eﬀects that result from the
insolation at a given time in the year. Therefore, the ITCZ cannot be seen as the reason
for monsoonal activity. It is rather a diﬀerent way of describing the phenomenon.
Advection regimes: This category consists of the areas inﬂuenced by extratropical cyclone
activity. Although the formation of precipitation in these regions also originates from
convection, the convective systems themselves (i.e. fronts) are advected and do not
have the stationary character of ITCZ convection or monsoon systems. The convection
strength in midlatitude cyclones is weaker than in tropical systems, and the isotopic
signature is therefore more temperature dependent than amount dependent. From the
modelling perspective, the distinction between convection and advection is expressed
in the two corresponding precipitation types. Both rely on parameterisations, since
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the spatial resolution does not resolve single fronts or convective cells.
The terrestrial inﬂuence on the annual cycle of the ITCZ was investigated by Biasutti et al.
(2005; 2003; 2004). Biasutti et al. (2003) separated the forcing of the annual temperture cycle
over land into a direct solar eﬀect and an indirect eﬀect due to circulation changes caused by
seas surface temperature (SST) anomalies. The SST is the dominant factor determining the
position of the ITCZ over the tropical Atlantic and therefore tropical precipitation. Over
land, there are regions with high impact of SST on precipitation (northeast Brazil, Sahel).
These are also the regions where SST is a dominant forcing of precipitation variability.
The annual meridional migration of the ITCZ shows a large spatial variability. The am-
plitude is largest over the Indian Ocean. The adjacent land masses of Africa, Arabia and
India provide the land surface forcing for the large amplitude of the annual migration cycle.
Presently, the annual northward migration stops at the southern shoreline of Arabia (e.g.
Neﬀ et al., 2001; Burns et al., 2002).
Data from various sources show the eﬀects of solar radiation anomalies on regional climates
during past interglacial maxima (Fleitmann et al., 2003; Rohling et al., 2004). The most
recent climate optimum (mid-Holocene) is similar to the previous interglacial maximum
(Eemian) in terms of the seasonal distribution of the solar insolation minima and maxima.
Increased (decreased) NH (SH) seasonality led to warmer NH summers. However, there are
anomalies in the length of the seasons due to orbital parameters.
Winter et al. (2003) estimated the eﬀects of orbital forcing in the Eemian on the Caribbean
region at 18◦N. From a 4-year time series of stable isotope and Sr/Ca data they estimated
the Eemian temperature seasonality to 5 K, which is 1-2 K more than today. They attribute
the increased temperature range to lower winter temperatures and slightly increased summer
temperature. Mangini et al. (2007) found enriched calcite δ18O of a Caribbean speleothem
section from the mid-Holocene, a period of increased rainfall amount in this region. This
apparent discrepancy (increased amount of precipitation is associated with isotopically more
depleted rainfall) could be explained with lower winter temperatures and enhanced summer
precipitation. In this context, Felis et al. (2004) showed a relation of the annual distribution
of rainfall to the NAO/AO state, an indicator of the circulation state and corresponding
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spatial distribution of precipitation and temperature.
Sections
In section 5.2, the most important results concerning changes in seasonality of the ﬁelds
relevant to the hydrological cycle are shown. In section 5.3, the results are discussed. In
the present study, the focus is on the eﬀects of orbital forcing anomalies on seasonality in
rainfall, temperature and isotopic composition of meteoric water, respectively. Regions with
contrasting eﬀects with large amplitude (and large statistical signifcance) are highlighted.
Conclusions are presented in section 5.4.
5.2 Results
5.2.1 Fields and anomalies
Fig. 5.1 shows the absolute modelled values for pre-industrial air temperature, amount of
precipitation and δ18O, respectively. It is evident that the meridional position of the East
Paciﬁc tropical rain band is almost unchanged during the year, assuming that JJA and DJF
represent the two seasonal extremes. Over the African continent, the large seasonal diﬀer-
ences in temperature and amount of precipitation are visible. The Indian summer monsoon
and the Indonesian/Australian winter monsoon are also represented in the simulations. They
match observations quite well (e.g. Peixoto and Oort, 1992).
The anomalies between Eeemian and pre-industrial climate are shown in Fig. 5.2. The
Eemian boreal summer is dominated by higher NH temperature (Fig. 5.2a). JJA precipita-
tion changes (Fig. 5.2c) reﬂect diﬀerent meridional positions of the ITCZ, especially over the
Paciﬁc. The Atlantic shows a decrease in precipitation in an area stretching from tropical
West Africa to the Caribbean region. The response of the isotopic rainfall composition is
shown in Fig. 5.2e. Boreal winter anomalies of temperature (Fig. 5.2b), amount of precipi-
tation (Fig. 5.2d) and δ18OP (Fig. 5.2f) reﬂect the smaller pre-industrial amplitude in the
annual cycle of solar radiation.
The seasonality of T , P and δ18O is displayed in Figure 5.4. Figures 5.4a,c,e show the ab-
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Figure 5.1: Absolute values (PIND) of a) JJA air temperature in K, b) DJF air temperature
in K, c) JJA precipitation in mm/month, d) DJF precipitation in mm/month,
e) JJA δ18O in , f) DJF δ18O in  VSMOW.
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Figure 5.2: Anomalies (EEM minus PIND) of a) JJA air temperature in K, b) DJF air
temperature in K, c) JJA precipitation in mm/month, d) DJF precipitation in
mm/month, e) JJA δ18O in , f) DJF δ18O in  VSMOW. Dotted areas mark
signiﬁcant anomalies above 90% level.
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solute PIND seasonalities while Figures 5.4b,d,f show diﬀerences between EEM and PIND.
The year-to-year change of the modelled 2m air temperature seasonality is very small com-
pared to the temperature anomaly between EEM and PIND. The same holds for the amount
of precipitation. Therefore, the seasonality change for these variables is signiﬁcant on the
whole globe, with the exception of a few singular grid points.
Figure 5.3: Seasonality of climate variables and isotopes. Left-hand side: Pre-industrial
seasonality of a) air temperature in K, c) precipitation in mm/month, and e)
δ18O in  VSMOW . Right-hand side: Anomalies (EEM minus PIND) of the
seasonality in b) air temperature, d) precipitation, and f) δ18O .
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Figure 5.4: Left-hand side: Pre-industrial seasonality (maximum minus minimum) of a) air
temperature in K, b) precipitation in mm/month, and e) δ18O in  VSMOW.
Right-hand side: Anomalies (EEM minus PIND) of the seasonality (maximum
minus minimum) in b) air temperature, d) precipitation, and f) δ18O .
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5.2.2 Derived quantities
Figure 5.5 shows the correlation coeﬃcients between local isotopes and air temperature and
amount of precipitation, respectively. For the calculation, 50 model years of model simu-
lations have been used. The correlation between δ18O and air temperature (Figs. 5.5a,b)
is negative in the equatorial Atlantic, the tropical Indian Ocean and subtropical Northern
Paciﬁc. In these areas, the signal is dominated by the rainfall anomaly. North of 30◦N and
south of 30◦S the correlation is positive. On the NH, the positive correlation arises from
positive temperature and δ18OP anomalies. The correlation between δ
18O and precipita-
tion (Figs. 5.5c,d) shows that a change in rainfall amount is always negatively correlated
with δ18OP . The correlation is highest in the tropics, especially in regions of large rainfall
anomalies. The correlation is independent of the direction of the anomaly. Positive anoma-
lies produce more depleted rain and vice versa. A positive correlation between δ18O and
precipitation is only found over Antarctica and Greenland. Here, the model results show
that increased precipitation is connected to higher temperatures, which in total leads to the
modelled positive δ18O-P correlation. The large anomaly of temperature and precipitation
over the African continent between 10◦N and 20◦N does not leave a distinct signal in the
δ18O-P correlation. Overall, the correlation on the continents ranges between 0 and -0.6.
There is no correlation between δ18OP and P in the upwelling regions of the Atlantic and
Paciﬁc Oceans. The isotope depletion over Africa (10◦N - 20◦N) shows a strong positive
correlation with temperature. This is due to the negative temperature anomaly and strong
increase in rainfall. Both are contributing to isotopic depletion.
Figures 5.6 and 5.7 illustrate the annual cycles of diﬀerent hydrological regimes. The
annual cycle of tropical regions depends on the migration of the ITCZ. One example for the
present study is the Caribbean region. As outlined in section 5.1, we see large diﬀerences
in the hydrology of this region. Figures 5.6a,b,c show the diﬀerence between the Caribbean
pre-industrial climatology of T , P and δ18O and the corresponding Eemian climatology. The
PIND case shows an annual cycle with the maximum rainfall in the boreal summer months.
In EEM, there is no single well-deﬁned rainy season. There are two distinct peaks in June
and November, respectively. The isotopic composition of rainfall reacts accordingly with
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Figure 5.5: Correlation coeﬃcients of the change (EEM and PIND) between a) JJA δ18O
and T850, b) DJF δ
18O and T850, c) JJA δ
18O and P, and d) DJF δ18O and P.
depleted values during the peak months. The temperature cycle shows a higher maximum
that occurs two months later in EEM than in PIND. In contrast to the ﬁrst case, Figures
5.7a,b,c show the continental climate cycle of North-East Asia. Here, the relative anomaly
in all three variables is small. The temperature cycle dominates the isotope cycle in both
EEM and PIND. The annual isotope cycle does not show a depletion in the summer months
due to increased precipitation.
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Figure 5.6: Pre-industrial and Eemian annual cycles of air temperature, precipitation, and
δ18Op of the Caribbean region (85
◦W-65◦W, 15◦N-25◦N).
The number of annual precipitation cycles for the Eemian and pre-industrial simulation,
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Figure 5.7: Pre-industrial and Eemian annual cycles of air temperature, precipitation, and
δ18Op of North-East Asia (110
◦E-140◦E, 50◦N-70◦N).
 280
 285
 290
 295
 300
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
T 
[K
]
month
Eemian T
pre-ind. T
T 
[K
]
 0
 10
 20
 30
 40
 50
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
P 
[m
m
/m
on
th
]
month
Eemian P
pre-ind. P
P 
[m
m
/m
on
th
]
-6
-5
-4
-3
-2
-1
 0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
δ1
8 O
 [‰
]
month
Eemian δ18O
pre-ind. δ18O
δ1
8 O
 [‰
]
Figure 5.8: Pre-industrial and Eemian annual cycles of air temperature, precipitation, and
δ18Op of Oman and the Arabian Peninsula (50
◦E-60◦E, 15◦N-25◦N).
respectively, is shown in Figure 5.9.
5.3 Discussion
5.3.1 Convection regimes
The modelled position of the Paciﬁc ITCZ is less sensitive to the meridional migration of the
solar radiation maximum. The maximum rainfall area remains on the same latitude during
the year, and even anomalies between Eemian and present-day position are only degrees.
There is a greater variability due to changes in the ENSO intensity (Mangini et al., 2007).
Over the Indian ocean and over continents the meridional variability is higher due to the
stronger land surface forcing caused by the insolation anomalies. The largest amplitude lies
over Eastern Africa.
The modelled annual precipitation cycle in tropical regions, such as the Caribbean, changed
from an annual cycle in EEM to a semi-annual cycle in PIND. In this region, the temperature
cycle is less aﬀected. The temperature maximum is higher in EEM and occurs later in boreal
summer due to increasing incoming solar radiation. The rainfall gap in the Eemian July and
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Figure 5.9: Number of annual precipitation cycles for a) Eemian, and b) pre-industrial sim-
ulation. Low-precipitation areas (< 100 mm/a) are shown in yellow, regions
with a semi-annual signal are orange, an annual precipitation cycle is shown in
light-blue. Areas without a clear cycle are grey.
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August shows the eﬀect of a changed path of the ITCZ during boreal summer months. This
is consistent with observations of Peterson and Haug (2006) who ﬁnd considerable variabil-
ity in the annual precipitation cycle of diﬀerent measurement locations within the Cariaco
Basin, a region that covers only a small fraction of the averaging region shown in Figure 5.6.
This study extends previous interpretations, such as carried out by Biasutti et al. (2003),
who examined direct (solar) forcing and indirect (via SST) forcing. Here, also the indirect
forcing of Sahara/Sahel warming on tropical African precipitation is recognised. This can be
interpreted as a direct solar forcing that induces a circulation change with the indirect eﬀect
of increased moisture availability. Further, this anomaly in the circulation pattern causes a
signiﬁcant anomaly in the isotopic signature of rainfall, as discussed in Herold and Lohmann
(2009).
Winter et al. (2003) compare Eemian fossil corals with present-day living specimen from
the Northern Caribbean region. They observe an increased Eemian SST seasonality, caused
mainly by lower winter temperature and slightly higher summer temperature. This is in
contrast to our ﬁndings: The Northern Carribbean precipitation seasonality is more pro-
nounced during PIND, resulting in an increased PIND seasonality of δ18O. Mangini et al.
(2007) ﬁnd isotopically enriched stalagmites from the northern Caribbean region, resulting
from colder winter temperature. This is a contradiction to previous studies, that make
droughts responsible for higher isotopic values. Mangini et al. (2007) assume that the main
rainfall period is in boral summer. Our study suggests that the main rainfall period in EEM
is in late autumn and not during the boreal summer months. However, this may not explain
the decreased seasonality in δ18O, since the annual temperature distribution is almost un-
changed. The temperature anomaly is less than 0.5 K during JJA and around 1 K during
SON. These anomalies cannot explain the observed changes in the isotopic seasonality. In
our simulations, we ﬁnd an increased annual amount of precipitation in the northern part
of the South American continent in the previous interglacial compared to pre-industrial cli-
mate. This may have caused enhanced river discharge into the adjacent Cariaco Basin. This
again would yield a more depleted isotope signal in sediments from planktic foraminifera,
such as G. ruber or G. bulloides (Black et al., 2004).
Eemian Seasonality 56
For the recent present climate, Black et al. (2004) studied near-annual planktic foraminiferal
δ18O records from the Cariaco Basin that reﬂect sea surface temperature and ITCZ preci-
pitation-related salinity variations over the Caribbean and tropical North Atlantic.
Changes in the isotopic composition of a climate proxy archive are often interpreted as
changes in surface temperatures at the precipitation cite if the archive is a proxy for the
surface temperature. However, changes in the seasonal cycle of a climate variable, such as
P or T can also result in δ18O anomalies if the P or T climatology changes. Vachon et al.
(2007) demonstrate that amount weighting of δ18O is necessary to interpret the signals for
the heterogeneous region of the USA. Seasonal shifts and interannual variability of rainfall
result in large diﬀerences in the year-to-year variations of seasonal and annual mean isotopic
rainfall compositions that cannot be attributed to temperature variations, even though the
USA are sited at latitudes usually connected to a positive T -δ18O correlation.
Aggarwal et al. (2004) ﬁnd that the Asian monsoon rainfalls are not correlated to rainfall
amount. The isotopic composition is rather determined by the moisture source and transport
pattern. In a generalised sense, this explains the lack of correlation between temperature or
amount to isotopic composition in tropical regions.
Nicholson (2009) shows latest results about the interannual variability of West African
rainfall and the term ’Monsoon’, based on NCEP-NCAR reanalysis data. Her ﬁndings sug-
gest to better distinguish between the position of the ITCZ and what is commonly called
the tropical rain belt. Over Africa, the structure of the convective system is diﬀerent from
the system that produces the marine tropical rainbelt. The West African rainfall intensity is
strongly linked to the uplift intensity and local recycling of evaporating moisture. Nicholson
(2009) concludes that the role of moisture availability from the tropical Atlantic and At-
lantic sea surface temperature is less dominant than in the prevailing picture of the climate
community. The marine rain belt has been the subject of several studies. The so-called
double ITCZ problem describes the development of two separate rainfall maxima north and
south of the Paciﬁc equator (Zhang and Wang, 2006). In this context, Chen et al. (2008)
examined the daily ITCZ patterns of the western tropical Paciﬁc. In their study, the double
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ITCZ is only one of six patterns that occur regularly.
Systematic changes in the annual precipitation cycle are shown in Figure 5.9. The Caribbean
region appears to be a striking feature. Here, the northern part changes from a semi-annual
cycle in EEM to an annual cycle in the pre-industrial simulation. In this region, the diﬀerence
in the meridional migration of the ITCZ and/or the tropical rain belt is one of the largest.
Over the Atlantic ocean, the shape of the belt, in which two cycles are found, is wider in
EEM compared to PIND. This can be explained by the insolation climatology. Nicholson
(2009) states that the oceanic rain belt is mostly controlled by the SST maximum, which in
turn is a result of the insolation maximum.
5.3.2 Advection regimes
In extratropical regions the annual cycle of δ18OP mostly depends on temperature changes
(Fig. 5.7). The depletion is a result of repeated rain-out on the path from the oceans to the
precipitation site. The temperature during the precipitation events determines the degree
of fractionation. Higher temperature leads to a lower fractionation factor, and thus to less
depleted precipitation. Due to the large temperature seasonality, the temperature eﬀect
outweighs the relatively small changes in the amount of precipitation. The precipitation
increase in the summer months therefore allows for a slightly isotopically depleted rainfall
in PIND compared to EEM.
5.4 Conclusions
In the present study, we provide global seasonality maps of temperature, precipitation, and
isotopic composition of precipitation. The anomalies of the climate variables and their
seasonalities clearly show the inﬂuence of the orbital forcing with increased insolation during
boreal summer months. The correlation of δ18O on climate variables shows the expected
separation between tropics and higher latitudes. Furthermore, we see a negative correlation
of δ18OP and P on the whole globe. The markedness of the correlation coeﬃcient does
not depend on the extent of the anomaly. Areas with small anomalies may also exhibit a
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strong correlation. This suggests that the amount eﬀect explains at least a part of measured
anomalies of isotopic water compositions.
In the tropics, the modelled anomalies between Eemian and pre-industrial climate show
regions with changed characteristics of the annual cycle of precipitation, temperature and
δ18OP . The annual meridional migration of the ITCZ is diﬀerent in the Eemian due to orbital
forcing. This results in regional transitions from an annual cycle in PIND to a semi-annual
cycle in EEM. The corresponding timing of maxima (minima) in δ18OP is also aﬀected and
has to be taken into account when analysing climate archives that do not contain seasonal
information.
6 Holocene
6.1 Introduction
The Holocene in general and the period from 6 ka BP until present in particular is of great
interest for climate research. Proxy archives contain a large number of well dated water
isotope data from many climatic regions. The data coverage naturally is much better than
for the Eemian, allowing us to reconstruct the climate evolution during this most recent
period of Earth history. The recent quick increase in computing power together with the
development of comprehensive climate models (GCMs, EMICs) resulted in a number of sim-
ulations representing time slices of key periods or transient simulations covering parts or the
whole Holocene (e.g. Wanner et al., 2008). Within this thesis, the analysis focuses on cli-
mate changes due to changes in orbital forcing with the forcing cycles of Earth’s eccentricity,
obliquity and precession, respectively. The analysis of this chapter is based on simulations
covering the period from 6 ka BP until the pre-industrial present. The simulation setup is
similar to the setup used in Chapter 4. The simulations respresent a series of time slices
with ﬁxed orbital parameters and greenhouse gas concentrations. Seven experiments from 6
ka BP to 0 ka BP (pre-industrial period) with a gap of 1 ka have been carried out. Thus, the
results show the temporal development of isotopic composition of diﬀerent components of
the hydrological cycle and that illustrate varying impacts of insolation changes on diﬀerent
regions. This series of numerical experiments clearly shows how a changing insolation dis-
tribution aﬀects climate and how, most importantly for this study, the isotopic composition
of meteoric water reacts to the climate changes.
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Wanner et al. (2008) describe in their study the most prominent changes of precipitation
and temperature from 6 ka BP until present. The mid- to late Holocene climate change
on millenial time scale is seen as the result of changes in orbital forcing, namely, a reduc-
tion of NH summer insolation. For example, the northern hemisphere cooling, reduction of
African and Asian monsoon activity, and the southward migration of the ITCZ1 are well-
known features of the leatest period in climate history. North African Holocene climate is
simulated by Liu et al. (2007). They provide transient coupled ocean-atmosphere-vegetation
simulations from 6.5 ka BP to the present. They ﬁnd an abrupt vegetation collapse around
6 ka BP in Northern Africa, which is consistent with lake sediment and pollen data from the
present-day Sahel and southern Sahara region. After the collapse the vegetation distribution
is similar to present-day. These vegetation changes on the African continent take place in a
narrow band between 20◦N and 25◦N. This has to be taken in account since the simulations
in this chapter use the present-day vegetation distribution. However, a test simulation with
an increased vegetation ratio in this area showed only a slight broadening of the region that
is aﬀected by the circulation anomalies described in chapter 4. For consistency reasons, the
vegetation distribution is kept at present-day level for all Holocene simulations, including 6
ka BP and 5 ka BP. For northernmost Europe, Allen et al. (2007) found a signiﬁcant shift
at around 4 ka BP. This is a feature that has not appeared in the coupled simulations that
are the source of the SST climatologies for the present study. Therefore, this climate shift
cannot appear in this study. Prentice et al. (2000) show an asymmetric poleward advance of
the treelines during mid-Holocene. They state that the treeline advance stems partly from
warmer winter temperatures.
Renssen et al. (2009) show simulations with a coupled Ocean-Atmosphere-Vegetation
GCM with various combinations of forcings. The simulation with greenhouse gas forcing
alone shows a warming trend during the whole period from 9 ka BP until present. On the
other hand, the simulation with orbital forcing reveals a continuous cooling for the simu-
lated period. Two other simulations additionally employ forcings including the Laurentine
Ice Sheet (LIS) melting and melting plus orographic and albedo eﬀects, respectively. The
1More precisely, the southward migration of its northern limit during boreal summer months
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temperature curves show large variations depending on the averaging area. North of 60◦N
there is almost no diﬀerene between all simulations except for the greenhouse gas forcing
experiment. Maps of temperature anomalies in Renssen et al. (2009) suggest that with
increasing distance from the LIS its overall eﬀect fades. Similar results were obtained by
Herold and Lohmann (2009) who compared simulations including and ignoring the eﬀects of
Eemian Greenland Ice Sheet orography anomaly on atmospheric circulation (see Chapter 4).
The temperature anomalies inﬂicted by the diﬀerent orography are conﬁned to the northern
high latitudes.
Braconnot et al. (2008) compare the eﬀects of insolation diﬀerences on the African and
Indian monsoon systems, respectively. Holocene and Eemian insolation produce distinct
signatures in the monsoon systems. Precession is crucial for the seasonal timing of monsoon
development. Davis and Brewer (2009) investigate the eﬀect of orbital forcing on the latitu-
dinal temperature gradient. They emphasise that the forcings produced diﬀerent latitudinal
insolation gradients (LIG) and latitudinal temperature gradients (LTG), respectively. Dur-
ing the Holocene, precession and obliquity were in phase, while during the Eemian, obliquity
preceeds precession by about 3 ka. Cubasch et al. (2006) diﬀerentiate between short-term
variations in solar radiation caused by processes inside the sun, and long-term variations due
to Earth’s orbit around the sun. They conclude that short-term variations do have an eﬀect,
although this eﬀect is also short-lived and does not aﬀect climate on longer time scales.
6.2 Results
6.2.1 Climate development
Figures 6.1 and 6.2 show the anomalies (i.e. the diﬀerence between the respective Holocene
simulation and the pre-industrial simulation) of the annual mean 850 hPa air temperature
and total precipitation, respectively. The development from 6 ka BP to 1 ka BP is generally
characterised by a trend from larger to smaller anomalies with a spatial structure that is
basically maintained throughout the series of time slices. The statistical signiﬁcance of the
anomalies also decreases from mid-Holocene to late Holocene. Similar to the temperature
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Figure 6.1: Anomalies of annual 850 hPa air temperature in K for a) 6 ka BP, b) 5 ka BP,
c) 4 ka BP, d) 3 ka BP, e) 2 ka BP, f) 1 ka BP, relative to pre-industrial level.
Wind arrows mark areas with signiﬁcant anomalies above 90% level.
Figure 6.2: Anomalies of annual precipitation in mm/month for a) 6 ka BP, b) 5 ka BP, c) 4
ka BP, d) 3 ka BP, e) 2 ka BP, f) 1 ka BP, relative to pre-industrial level. Dotted
areas mark signiﬁcant anomalies above 90% level.
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Figure 6.3: Anomalies of JJA 850 hPa air temperature in K for a) 6 ka BP, b) 5 ka BP, c) 4
ka BP, d) 3 ka BP, e) 2 ka BP, f) 1 ka BP, relative to pre-industrial level. Wind
arrows are shown in areas with signiﬁcant anomalies above 90% level.
Figure 6.4: Anomalies of JJA precipitation in mm/month for a) 6 ka BP, b) 5 ka BP, c) 4 ka
BP, d) 3 ka BP, e) 2 ka BP, f) 1 ka BP, relative to pre-industrial level. Dotted
areas mark signiﬁcant anomalies above 90% level.
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anomalies in the Eemian simulation (see Chapters 4 and 5, respectively), their spatial struc-
ture is mainly dominated by the summer months. The strong warming signal of the northern
hemisphere is clearly visible in the annual mean anomaly plots.
Figures 6.3 and 6.4 show temperature and precipitation anomalies for the boreal summer
months. The strong northern hemispheric summer anomalies due to the increased energy
from the insolation anomaly (see Fig. 1.1) in both temperature and precipitation dominate
not only the JJA-season, but also the annual mean values (Figs. 6.1, 6.2).
Boreal winter climate anomalies are described by Figures 6.5 and 6.5, respectively. Here,
the amplitude is lower and the sign mostly reversed on the SH due to the insolation anomaly
shown in Figure 1.1.
Figure 6.5: Anomalies of DJF 850 hPa air temperature in K for a) 6 ka BP, b) 5 ka BP, c) 4
ka BP, d) 3 ka BP, e) 2 ka BP, f) 1 ka BP, relative to pre-industrial level. Wind
arrows are shown in areas with signiﬁcant anomalies above 90% level.
6.2.2 Isotopes
The annual mean and JJA anomalies of δ18O are shown in Figures 6.7 and 6.8, respectively.
Amplitude and location of prominent features resemble a mixture of the temperature and
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Figure 6.6: Anomalies of DJF precipitation in mm/month for a) 6 ka BP, b) 5 ka BP, c) 4
ka BP, d) 3 ka BP, e) 2 ka BP, f) 1 ka BP, relative to pre-industrial level. Dotted
areas mark signiﬁcant anomalies above 90% level.
Figure 6.7: Anomalies of annual δ18O in VSMOW for a) 6 ka BP, b) 5 ka BP, c) 4 ka BP,
d) 3 ka BP, e) 2 ka BP, f) 1 ka BP, relative to pre-industrial level. Dotted areas
mark signiﬁcant anomalies above 90% level.
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Figure 6.8: Anomalies of JJA δ18O in  VSMOW for a) 6 ka BP, b) 5 ka BP, c) 4 ka BP,
d) 3 ka BP, e) 2 ka BP, f) 1 ka BP, relative to pre-industrial level. Dotted areas
mark signiﬁcant anomalies above 90% level.
precipitation ﬁelds in the previous Figures. In section 6.3 the diﬀerences between the two
main impacts on isotopic water composition (i.e. temperature and precipitation amount)
are discussed.
Figure 6.9 shows annual cycles of temperature, total precipitation and δ18O of precipitation
of selected areas. Figure 6.10 shows annual cycles of the same variables of areas that only
contain sea grid points in the simulations. The ﬁgures contain model data from the pre-
industrial simulation (PIND), and all Holocene simulations (HOL1-HOL6). For comparison,
the annual cycles of the EEM simulations are also displayed as dashed lines.
Figure 6.11 shows the ratios of the isotopic composition of precipitaion and temperature
and total precipitation amount, respectively. The Figure is plotted with varying scales due
to the small diﬀerences between the respective simulations.
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Figure 6.9: Annual cycles of climate variables and δ18O for a) northeastern continental area,
b) Central Europe and c) Oman. Note that scaling is not uniform to visualise
the shape of the annual cycles with small amplitudes.
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Figure 6.10: Annual cycles of climate variables and δ18O for a) North Atlantic, b) North
Paciﬁc and c) Equatorial Paciﬁc. Note that scaling is not uniform to visualise
the shape of the annual cycles with small amplitudes.
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Figure 6.11: Ratios of mean δ18O / near-surface air temperature (red lines) and mean δ18O
/ total precipitation (blue lines) for a) the Caribbean region, b) north-eastern
continental region and c) the North Atlantic region. Note the varying scales,
since the diﬀerences are small but signiﬁcant.
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6.3 Discussion
As in Chapter 4, the discussion is divided into a section for the description of climate change
during mid to late Holocene, and a section evaluating its inﬂuence on the isotopic water
composition. This study aims at understanding climate changes on the millenial time scale.
Faster changes cannot be resolved within this setup, since the simulations represent time
slices with a gap of 1 ka. However, the spatial scale of changes observed in this study vary
from global to regional.
6.3.1 Climate development
Orbitally induced insolation anomalies vary only with latitude and time of the year, respec-
tively, at any given time in the past. The resulting anomaly of a climate variable in a certain
region may, however, be the product of a series of secondary forcings that become eﬀective
depending on its location. One prominent example is the annual migration of the ITCZ
and its northernmost position in boreal summer months. Chapter 4 describes the physi-
cal processes that lead to the modelled anomalies of air temperature, precipitation amount
and ﬁnally the isotopic composition of precipitation. The series of Holocene simulations
(HOL6-HOL1) show that the basic circulation patterns are maintained, with anomalies that
decrease with decreasing distance from the PIND reference simulation (Figs. 6.1, 6.3, 6.5 for
temperature and Figs. 6.1, 6.3, 6.5 for precipitation amount, respectively). This behaviour
can be expected, since the NH summer insolation anomaly decreases from 6 ka BP until
now. However, the development is not linear and is not spatially uniform. Figures 6.3 and
6.4 show that some anomalies in areas over land as well as over oceans do not ﬁt into the
view of a strict correlation with insolation anomaly. The same holds for the seasonality in se-
lected regions shown in Figure 6.9. The JJA ﬁelds of air temperature and δ18O, respectively,
show positive and negative anomalies over the Southern Ocean and Antarctica (Figs. 6.3,
6.8). Lorenz and Lohmann (2004) noted that the ECHO-G model results are less reliable
in the Southern Ocean than on the Northern Hemisphere, because of the large mismatches
between simulations with diﬀerent acceleration factors. Therefore, the present study does
not consider climate development in the Antarctic or Southern Ocean regions.
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6.3.2 Isotopes
The anomalies of the isotopic water composition are closely connected to the respective
climate anomalies. When considering precipitation and air temperature, respectively, this
study shows that the resulting isotopic signal always is a composite of both of the inﬂu-
ences. Speleothems from the Dongge Cave in Eastern China (25.28◦N, 108.08◦E) reveal an
almost linear trend from 6 ka BP until 1 ka BP in the δ18O signal that directly stems from
local rainfall. Here, the Holocene simulations show the same trend as a consequence of a
decreasing rainfall amount in boreal summer (Fig. 6.4). In the annually averaged data this
trend is diluted and less signiﬁcant (Fig. 6.2). For the Caribbean case, large variations
in precipitation amount yield a large annual amplitude of δ18O that is modulated by rela-
tively small temperature variations. In contrast, continental areas show large temperature
variations during one year. The variations in precipitation amount are able to modify the iso-
topic composition, but not its basic structure that is prescribed by air temperature. Figures
6.9 and 6.10, respectively, show how seasonality changes between the Holocene simulations.
However, Figure 6.11 shows that the connections between isotopes and climate variables do
not change signiﬁcantly during the Holocene. The ratios are very diﬀerent depending on the
averaging region, but there is no visible trend, that could indicate a substantial change in
the processes that lead to the modelled ratios.
6.4 Conclusions
This series of climate simulations can be seen as a continuation of the comparison with
Eemain climate that has been described in chapters 4 and 5, respectively. The development
of Holocene climate according to the set of simulations from this study is mainly controlled
by orbital forcing, i.e. the annual cycle of insolation. Based on the assumption that orbital
insolation forcing is the most important driver of climate change on millennial time scales
for the Holocene, this study shows some of the mechanisms that lead to measured anomalies
in the isotopic composition of the hydrological cycle.
Although the annual and latitudinal distribution of the orbital forcing anomalies is similar
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to the EEM situation, its lower amplitude and the changing SST forcing results in a non-
linear response of climate variables such as air temperature and precipitation amount. The
prevailing NH cooling trend is often reversed into a warming trend in areas that where
reached by the ITCZ in earlier times and not reached by the associated summer monsoon
later in the Holocene.
7 Summary and Conclusions
Previous warm periods with global mean temperatures similar to the present (or pre-industrial)
climate are of particular interest for climate research since they can serve as analogs. They
may allow implications for a future climate characterised by temperatures that are higher
than during the present.
7.1 Summary
In this thesis, the eﬀects of orbitally induced warm climates on the isotopic composition
of meteoric water are analysed. The simulations represent time slices with a climatological
sea surface temperature forcing. Interannual changes of circulation patterns are possible,
but the simulation setup prevents any drift in the climate state and all climate variables
ﬂuctuate around mean values that do not change during the simulations. Projections of
future climate are controversially discussed. As in palaeoclimatology, one has to consider
the various time scales from months or seasons to millenia. The present study shows that
orbital forcing anomalies have a direct inﬂuence on the seasonal distribution of the anomalies
of climate variables and consequently on the isotopic composition of meteoric water. The
analysis of isotopic values from climate archives has to take into account that seasonality
changes may alter the meaning of the archived δ18O values. Either circulation changes or
temperatures during the precipitation periods may be responsible for the measured values.
In this thesis, the simulated interglacial climates clearly diﬀer from the pre-industrial con-
trol simulation. Circulation changes over the African continent induce distinct anomalies
of the patterns of isotopic composition of meteoric water. These anomalies can be inter-
preted in terms of anomalies of moisture path, precipitation amount and corresponding air
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temperature, respectively. One of the most prominent eﬀects of the Eemian and Holocene
insolation anomalies is the alteration of the annual path of the ITCZ. While there is little
change in the convective regions over the Paciﬁc, land masses and marine areas surrounded
by land are subject to considerable diﬀerences in the northernmost ITCZ position during
boreal summer months. This leads to changes in the seasonality of climate variables and
corresponding isotope signals. Northern Hemisphere tropical regions may have experienced
two rainfall maxima during Eemian and - to a lesser extent - mid-Holocene conditions, while
there is only one rainfall season during present-day or pre-industrial climate. This displace-
ment has consequences for the temperatures during which the build-up of climate archives,
such as speleothems, occurs. Temperature-dependent fractionation may alter δ18O values in
these archives. Their Interpretation is a complex task that may beneﬁt from palaeoclimate
simulations showing local conditions at the site of a climate archive in a general circulation
context.
7.2 Conclusions
The climate simulations presented in this thesis are able to show climate anomalies induced
by changes of the orbital parameters. The time slices for Eemian and a series of Holocene
boundary conditions, respectively, therefore show snap shots (Eemian) or changes on mil-
lenial time scales (Holocene). The underlying assumption is that the SST taken from the
transient ECHO-G simulations reﬂect the most important phenomena on the temporal and
spatial scales that can possibly be captured with the presented model setup. Short-term cli-
mate changes with durations of centuries or less will not be represented They do not contain
information about land surface changes that follow the insolation anomalies. A sensitiv-
ity simulation EEMVEG has been conducted to analyse the eﬀects of increased vegetation
in the Sahel zone during Eemian orbital forcing (see chapter 4). The results highlighten
the fact that under these modelling conditions the orbital forcing is the main reason for
the observed circulations and associated anomalies in the isotopic composition of meteoric
water. Vegetation change plays an important role on a local scale, but for the scope of
the present study it can be concluded that the modelled phenomena are primarily depen-
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dent on the insolation anomalies. Any further eﬀects due to a dynamic vegetation are of
secondary importance in the present model setup. Werner et al. (2011) have implemented
the water isotope code in the current ECHAM5 atmospheric GCM and tested it with good
results at diﬀerent spatial model resolutions from relatively coarse (T31) to high (T159).
ECHAM5 contains substantial changes compared to ECHAM4, including a new advection
scheme for tracers and prognostic equations for cloud liquid water and cloud ice. As a next
step we propose high-resolution isotope-enabled coupled ocean-atmosphere simulations that
include fractionation processes in dynamic vegetation and sea ice. In this setup, isotopic
signatures are modelled consistently in all components of the water cycle. Such an approach
allows a comparison of Earth system modelling results and the whole range of proxy archives
(terrestrial and marine).
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